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PREFACE 

Laboratory exercises and take-home assignments are an 
integral part of a course or course sequence in 
mineralogy—petrology and through them a student's 
understanding of subject matter is greatly enhanced. If 
such exercises contain all or most of the material needed 
to complete the assignment, the student is relieved of 
many noninstructive tasks. In this book the material in 
each exercise begins with a concise statement of goals, 
followed by a section on “background information” that 
should suffice for the successful completion of the as- 
signment. A listing of necessary materials is provided, 
and in many of the exercises the essential materials are 
part of the assignment. Each assignment is outlined in 
easy-to-follow steps, and the parts of the exercise that 
should be checked or graded by the instructor are printed 
on one-sided tear-out sheets. Each exercise gives refer- 
ences to three of the most commonly used North Ameri- 
can textbooks, as well as additional listings from other 

publications. This self-contained approach is helpful not 
only to the student but to the laboratory instructor as 
well. 

TO THE INSTRUCTOR 
This collection of exercises is meant for the student 
enrolled in an introductory mineralogy course, or a 
beginning-level mineralogy—petrology sequence, with 
the goal of increasing the student’s understanding of 
assigned reading and subject material presented in lec- 
tures. 

The thirty-five exercises cover aspects of crystallogra- 
phy, mineralogy, and hand specimen petrology. Many 
of them are so self-contained that they can be performed 
outside the classroom or laboratory and as such can be 
assigned as homework. Several of the exercises, how- 
ever, are materials-dependent and are most successful 

when performed in a laboratory setting where morpho- 
logical crystal models, crystal structure models, and 
hand specimens can be made available. Here follows a 
listing of the exercises that should be assigned in the 
laboratory, with supporting materials: 

Exercise 2:°on symmetry elements of crystals 

Exercise 3: on crystal forms and coordinate axes 

Exercise.4: on Miller indices 

Exercise 6: on interfacial angles 

All these exercises require hands-on experience with 

morphological models in the laboratory. 

Exercise 13, on space group elements in crystal struc- 
tures, should, if at all possible, be accompanied by some 

three-dimensional models of the crystal structures in 
question. 

Exercises 22 through 34 are all specimen-based, be 
they mineral specimens (as in 22 through 30) or ore and 
rock specimens (as in 31 through 34). 

Some of the exercises may not fully occupy the stu- 
dent for a standard two- to three-hour laboratory period. 

For example, exercises 22 and 23 (on physical properties 
of minerals) can be studied in the same laboratory pe- 
riod. Exercise 26, on the identification of layer silicates, 

can also be combined, in the same laboratory period, 

with another assignment on mineral identification. 
All the remaining eighteen exercises are so self-con- 

tained that they will serve well as homework assign- 
ments. 

In a semester period approximately eleven to twelve 
weeks are available for classroom and laboratory ses- 
sions. If twelve of the thirty-six exercises are selected for 
laboratory assignments, another twelve (or more) can be 
assigned as homework. In a two-semester mineralogy— 
petrology sequence all the exercises can be accommo- 
dated. In courses based on the quarter system, in which 
coverage of the material is more intensive than in a 
semester, the student will again benefit from exposure to 
the maximum number of exercises. 

With thirty-five exercises covering a wide range of 
topics, there should be enough variety for an instructor 
to select the material most consistent with his or her 
approach to the subject and with the time available. 

The basic ideas in the majority of exercise and assign- 
ment materials in this book have been continually tested 
and developed over twelve years of teaching under- 
graduate mineralogy and introductory petrology at 
Indiana University in Bloomington. However, their self- 
contained, self-explanatory, and self-instructional for- 
mat was specifically designed for this book. 

TO THE STUDENT 
The subject matter in this book of exercises is divided 
into three sections: crystallography, mineralogy, and 
hand specimen petrology. The sequence of topics within 
the crystallography section (exercises 1 through 16) is 
one whereby later materials generally build on concepts 
learned in earlier exercises. Exercises 1 through 9 deal 
mainly with various aspects of external form (morphol- 
ogy) of crystals; exercises 10 through 13 introduce con- 



cepts relating to the internal structure of crystalline 
solids; and exercises 14 through 16 provide an introduc- 

tion to X-ray powder diffraction methods. The first top- 
ics in mineralogy deal mainly with various aspects of the 
chemistry of minerals (exercises 17 through 21), whereas 
exercises 22 through 30 will help you develop your skills 
in identifying the minerals in hand specimens. 

The last five exercises (31 through 35) deal with se- 
lected aspects of petrology, mainly hand specimen iden- 
tification and classification of ore minerals and rock 
types. Exercise 35 is an introduction to the concept of 
mineral assemblages in metamorphic petrology. 

The overall purpose of this book is to help you, as a 
student, to have as complete an educational experience 
in mineralogy-petrology as is possible in a prescribed 

vi 

course or sequence of courses. The common use of worked 
examples, the background information, and the specific 

instructions that accompany each exercise should make 
your learning process very efficient. The format is spe- 
cifically designed to relieve you of much noninstructive 
drudgery, such as locating references in the library, 
gathering specific study materials, and performing an 
experiment, as in the X-ray laboratory. My hope is that 
this book will provide you with a positive challenge that 
will round out your mineralogy—petrology experience. 
Good luck in your work! 

Albuquerque, New Mexico CORNELIS KLEIN 
June 1989 
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EXERCISE 1 

SYMMETRY CONTENTS OF LETTERS, MOTIFS, 

AND COMMON OBJECTS 

PURPOSE OF EXERCISE 

Recognition of symmetry elements, and their location, in 
common shapes, designs, and objects as a preamble to 
the systematic study of the symmetry content of crystals. 

BACKGROUND INFORMATION: Various symmetry 
elements, and their combinations, can be recognized in 

everyday life in the motifs of wallpaper patterns, of 
printed cloth patterns, of wall and floor tiles, in the shape 
and form of buildings, in letters of the alphabet, and in 
common objects such as cubes and pyramids. The recog- 
nition of the presence of symmetry elements in our 
surroundings is often enjoyable but also instructive. 

In this exercise you will be asked to recognize the 
presence or absence of symmetry elements in letters of 
the alphabet, in design motifs, and in some common 

objects. The symmetry elements that you will be asked to 
identify are as follows: 

a. Mirror planes (abbreviated as m), which reflect a 
motif into a mirror image thereof; the presence of a 
mirror perpendicular to a page is shown by a solid line, 
for example, —— , or |; and 

b. Rotation axes, whichare imaginary lines about which 

a motif may be rotated and repeated in its appearance 
one or more times during a complete (360°) rotation; the 
notations for rotational symmetry are as follows. 

Symbol 
When Axis Is 

Type of Angle of Perpendicular 
Rotation Axis Rotation to Page 
1-fold rotation = 1 360° None 

2-fold rotation = 2 180° @ 

3-fold rotation = 3 120° A 

4-fold rotation = 4 90° ba 

6-fold rotation = 6 60° a 

A motif (or motif unit) is the smallest representative 
unit of a pattern, as, for example, an arrangement of 
several dots in printed wallpaper, a flower in printed 

cloth, and a design in ceramic tiles. In the external shape 
of crystals, the motif may be a specifically shaped crystal 
face, and in the internal structure of crystals, the motif 

may be an atom, ion, or cluster of atoms or ions. Indeed, 

acrystal structure consists of motifs (atoms, ions, or clusters 
of them) that are repeated in three dimensions at regular (= 

Copyright John Wiley & Sons, Inc. 

periodic) intervals. As such, in two- and three-dimen- 
sional patterns (arrays), the motif is translated. 

In this exercise we will concern ourselves only with 
translation-free patterns, namely thesymmetry elements 
inherent in letters, motifs, shapes, and common objects. 

This is a preamble to the study of symmetry elements as 
revealed by the external form of well-shaped crystals 
(exercise 2). You will discover that in three-dimensional 
objects that show symmetry (see Fig. 1.3) the various 
symmetry elements that may be present intersect each 
other at a point, at the center of the object. In exercise 2 
you will note this again, namely, that well-formed crys- 
tals may show combinations of symmetry elements that 
intersect in a point, at the center of the crystal. The 
classification of the various symmetry contents of crys- 
talsis, therefore, based on point groups, which express the 
symmetry about a central point. There are 32 of these 
point groups (see exercise 2). 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 20-32. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 19-25. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 12-25. 

Shubnikov, A. V.,and Koptsik, V. A., 1974, Symmetry in Science 

and Art, Plenum, New York, 420 pp. 

MATERIALS 

The drawings in Figs. 1.1 and 1.2, and the objects de- 
picted in Fig. 1.3. Inspection and handling of the real ob- 
jects is essential in the evaluation of the symmetry con- 
tents of the objects sketched in Fig. 1.3. A colored pencil 
and a ruler are needed for the location of symmetry 
elements in the various drawings. 

ASSIGNMENT: To recognize and locate the inherent 
symmetry in the objects depicted in Figs. 1.1 through 1.3. 

1. In Fig. 1.1, which depicts letters and several symbols, 
indicate (using a colored pencil and ruler) where a mir- 
ror, and/or a rotation axis is located. Use the proper 

symbols as noted earlier. Some letters may contain more 
than one symmetry element, and some may have none. 

Below each letter, above the dashed line, note the pres- 

ence of, one or more mirrors by writing 1m or 2ms; the 
presence of a rotation axis by writing, e.g., one 2-fold; 

1 
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EXERCISE 1 
FIGURE1.1 Letters of the alphabet (and some other symbols) 
and their symmetry content as a function of type style. 

Student Name 

o> ae 

<i 

la 

mia 
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1.2 The symmetry content of several patterns 
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EXERCISE 1 
Student Name 

FIGURE1.3 Thesymmetry content of some common objects. 

Unsharpened Rubber Equilateral 
pencil eraser triangle 

Chair Card table 45° angle 
triangle 

Cube Baseball Pyramid 
(or tennis ball) 

2A 
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SYMMETRY CONTENTS OF LETTERS, MOTIFS, AND COMMON OBJECTS 9 

and the absence of all symmetry by “none.” If more sym- 
metry exists, write, e.g., 2ms, + one 2-fold, etc. 

2. In Fig. 1.2 locate all symmetry elements present by 
drawing them in with a colored pencil aided by a ruler 
(do it neatly!). Use the proper symbols as noted earlier. 
Below each of the figures, note the presence of the num- 
ber of each of the symmetry elements (e.g., 4ms, and/or 
one 6-fold, etc.) in the space above the dashed line. 

3. Figure 1.3 gives sketches of common objects. To evalu- 
ate fully their symmetry contents, it is very helpful to 

study the real objects at home, or in the classroom. This 

is essential especially for the last three objects, cube, 
baseball, and pyramid. For each of the objects locate in 

Fig. 1.3 (with a colored pencil and ruler) the mirror 

planes and rotational axes that may be present. Below 

each object give the number of each of the symmetry 
element(s) and the types that are present (e.g., m for 
mirror, 2-fold for 2-fold rotation, etc.). Two of the objects 

(cube and baseball) have many symmetry elements, 
some of which (such as rotoinversion axes) we have not 
yet introduced. However, try them both; they are a real 
challenge with respect to their total symmetry content! 
Please note that a three-dimensional object containing 
several symmetry elements will have these elements 
intersect in a point at the center of the object. Because of 
this, the total symmetry content of a three-dimensional 
object is commonly referred to as its point group symme- 
try. This is an expression of the total symmetry content of 
an object about a central, stationary point (see exercise 2). 



EXERCISE 2 

SYMMETRY ELEMENTS AND THEIR COMBINATIONS AS 

EXPRESSED BY EXTERNAL CRYSTAL FORM: 32 POINT GROUPS 

PURPOSE OF EXERCISE 

Recognition of symmetry elements in crystals or ideal- 

ized models of crystals. Such elements are rotation axes: 

1, 2,3, 4, and 6; rotoinversion axes: 1 (= center of sym- 

metry, or 1), 2, 3, 4, and 6; and m (mirrors). All these 

elements can occur singly; however, they can also occur 

in various combinations. When all possible single ele- 

ments and combinations thereof are tallied, it turns out 

that there are 32 possibilities. These symmetry elements 

plus their combinations are known as the 32 crystal 

classes, or point groups, and are expressed by the external 

form (i.e., the morphology) of crystals. 

BACKGROUND INFORMATION: In the external form 
of well-shaped crystals (or in the wooden or plaster or 
paper models thereof) we can recognize the presence (or 
absence) of various symmetry elements. Notice that 
these symmetry elements (when in combination) inter- 
sect at one point, namely the center of the crystal, or 
crystal model. For this reason the 32 combinations of 
symmetries are known as point groups (meaning: sym- 
metries about a stationary point), which are equivalent 

to the 32 crystal classes. 

The symmetry elements that you will be asked to rec- 
ognize and locate in crystals (or crystal models) are as 
follows. 

a. Rotation axes. These are imaginary lines about which 
a crystal face (or a motif, as discussed in exercise 1) may 
be rotated and may repeat itself once or several times 
during a complete rotation (of 360°). Rotation axes are 
numbered as n=1,n=2,n=3,n=4, and n = 6, where n 

represents a divisor of 360°; n = 1 means that the crystal 
face is repeated every 360°, that is, once per full 360° 
rotation; similarly, n = 3 means that the crystal face is 
repeated three times during a 360° rotation, that is, every 

120° of rotation about the rotation axis. The standard 
symbols for rotation axes, with their respective angles of 
rotation, are given in Table 2.1. 

b. Rotoinversion axes. These are imaginary lines about 
which a crystal face (or a motif) is rotated as well as 
inverted, and repeats itself one or more times during a 
360° rotation. Rotoinversion axes are numbered as n 

= 1,n= 2,n= 3,n= 4,andn= 6.The numbers express 

the same angles of rotation as they do for rotation axes; 

that is, n= 1 involves a repeat at 360°, n= 2 involves 

arepeat at 180°,n= 3isfora120° repeat, n= 4is for a90° 

repeat, and n = 6 involves a 60° repeat angle. In the 

10 

operation of rotoinversion, a specific crystal face is ro- 

tated a specific number of degrees (as a function ofn), but 

the face is not repeated in the same regular fashion as it 

is if only rotation is involved. Rotoinversion, as the name 

implies, isa combination of rotation as well as inversion. 

For example, for n = 4, there are four 90° rotations com- 

bined with inversions (through the center of the crystal) 

at every 90° angle. In practice, rotoinversion axes are 

generally more difficult to recognize and locate in a 

crystal than rotation axes. This will be discussed more 

fully in the subsequent text that accompanies Fig. 2.2. 

The standard symbols for rotoinversion axes, with their 

respective angles of rotation, are given in Table 2.1. 

c. Mirrors. These are planes that reflect a specific crystal 

face into its mirror image. Mirrors are identified by the 

letter m and are shown on drawings by solid lines. In 

three-dimensional sketches of crystals, mirrors areshown 

as planes that intersect the crystal (see Table 2.1). 

d. A center of symmetry. This relates a specific face ona 

crystal to an equivalent crystal face by inversion through 
a point. This point is the center of the crystal. A center of 

symmetry is equivalent to a, that is, a rotoinversion axis 

involving 360° of rotation, and inversion. Its presence is 
not generally identified by asymbol, but it is represented 
by the letter 7, for inversion. 

At this stage it will be helpful to illustrate how one 
determines the presence, or absence, of these four sym- 

metry elements (that is, rotation axes, rotoinversion axes, 

mirror planes, and a center of symmetry) in a crystal (or 
crystal model). The various drawings in Fig. 2.1 show the 
observations and steps that are necessary to evaluate the 
total symmetry content of a specific crystal. Figure 2.1a 
shows a perspective drawing (also known as a clinogra- 
phic projection) of a specific crystal; this might represent 
a wooden or plaster crystal model in the laboratory. 
Figure 2.1b is a sketch of how such a crystal (model) is 

held between the thumb and index finger to determine 
the presence of a possible rotation axis parallel to its 
longest dimension. Figure 2.1c illustrates the identical 
appearance of the crystal upon 90°, 180°, 270°, and 360° 

rotations. The imaginary axis between index finger and 
thumb is therefore one of n = 4, or 4-fold rotation. Figure 

2.1d shows the same crystal held between thumb and 
index finger, but with the axis of crystal elongation 
horizontal. Now the index finger is centered on the top 
rectangular face (a') and the thumb on the opposite 
bottom rectangular face (a™ ). The identical appearance 
can be repeated only upon a 180° rotation (about the 
imaginary axis between thumb and index finger), which 

Copyright John Wiley & Sons, Inc. 
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TABLE 2.1 Rotation Axes, Rotoinversion Axes and Mirror Planes 

Types of rotation axis Angle of rotation Symbol 

1-fold rotation 

2-fold rotation 

3-fold rotation = 3 

4-fold rotation = 4 

6-fold rotation = 6 

Types of rotoinversion axis Angle of rotation Letter or symbol 

1-fold rotoinversion 

2-fold rotoinversion 

3-fold rotoinversion 

4-fold rotoinversion = 4 

=id 
6-fold rotoinversion = 6 

2; = inversion, which is equivalent to a center of symmetry. 

bm = mirror; m is used instead of 2 in the description of the 
symmetry of crystals. 

Ty is equivalent to a 3-fold rotation axis in combination with a 
center of symmetry (7). 

S 6 is equivalent to a 3-fold rotation axis with a mirror 

perpendicular to it; expressed as 3/m. 

When seen edge on When in a perspective 

(that is, when they sketch; intersection 

are perpendicular line is one of 2-fold 

to the page) rotation 

Copyright John Wiley & Sons, Inc. 
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FIGURE 2.1 The determination of the presence of rotational 
axes and mirror planes in a crystal (see text for discussion). 

Copyright John Wiley & Sons, Inc. 
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indicates the presence of a 2-fold axis (n = 2) between the 
center of the top and the center of the bottom face. An 
identical 2-fold rotation is seen when the fingers hold the 
crystal between the faces markeda and a"; these two faces 
are at 90° to the faces marked a‘ and a™. In other words, 
there are two sets of 2-fold rotation axes; each is perpen- 

dicular to a set of parallel vertical crystal faces (see Fig. 
2.1a). There are additional 2-fold rotation axes that can be 
located between the opposite (vertical) edges of the 
crystal. In Fig. 2.1e the crystal is held between the centers 
of the opposite edges; rotation of 180°, when the crystal 

is held in this fashion, produces an identical appearance, 

from which one concludes the presence of a 2-fold rota- 
tion axis. Because there are two sets of opposite, vertical 
edges (see Fig. 2.1a), there are two horizontal 2-fold 
rotation axes between the edges. Now that all rotational 
symmetry elements have been located (there are no 
rotoinversion axes in the crystal shown in Fig. 2.1a), their 
positions can be shown as in Fig. 2.1f. 

Let us now see where and how many mirrors can be 
located. In Fig. 2.1g a vertical and horizontal mirror are 
noted, and upon 90° rotation of the crystal in this same 
orientation (see Fig. 2.1h), an additional vertical mirror is 

seen. Additional vertical mirrors are found with the 
elongation of the crystal vertical and when viewing it 
along the vertical edges (Fig. 2.11). There are two such 
vertical mirror planes between the opposite edges of the 
crystal. Figure 2.1) shows the original crystal with the 
location of three of the mirror planes (the horizontal 
mirror and two vertical mirrors, each of which is perpen- 

dicular to the vertical faces a,a‘ta"™, and a™ ). There are in 

all five mirror planes, the two additional ones lying be- 
tween the opposite edges of the crystal; these two addi- 
tional mirrors have not been shown to reduce the com- 
plexity of the figure. Figure 2.1k shows the same three 
mirror planes and their locations in the crystal as well as 
several (not all) of the rotation axes. Notice that the 
rotation axes are coincident with the intersection lines 
between the various mirror planes. 

Although the presence of rotation axes and mirrors 
can be fairly easily recognized in the drawings of crystals 
(see Fig. 2.6), the recognition of rotoinversion axes is really 
possible only on well-formed crystals or crystal models. 
If one inspects the footnote to the tabulation of rotoinver- 
sion axes in Table 2.1, one notes that there is only one 

rotoinversion axis, 4, which has not been expressed in 

terms ofi,m,mand inversion, ora rotation perpendicular 

to a mirror (3/m). Here we will illustrate the recognition 

of 4 inacrystal. Figure 2.2a shows a perspective draw- 

ing of a crystal whose four faces are isosceles triangles 

(meaning that two of the sides of each of the triangles are 

equal in length); all four of these triangular faces are 

related by a vertical 4-fold rotoinversion axis. Figure 2.2b 

shows the appearance of facea when held between index 

finger and thumb. Upon a 90° rotation the crystal looks 

as in Fig. 2.2c. The difference between Figs. 2.2b and c is 
a 

the fact that in Fig. 2.2b the crystal face appears as an 
inverted isosceles triangle but in Fig. 2.2c it is the same 
triangle but right side up. If, in this same 90° rotational 
position, we wish to see an isosceles triangular face in the 
inverted position (equivalent to the drawing in Fig. 2.2b), 
we must invert the crystal, as shown in Fig. 2.2d. In this 
figure the crystal was inverted through a 180° vertical 
rotation of the wrist; the thumb is now at the top and the 
index finger at the bottom of the crystal. In this orienta- 
tion, the appearance of face a” is identical to that of face 
ain Fig. 2.2b. We have now completed a 90° rotation and 
an inversion at the 90° angle. Continued rotations of 90° 
and inversions will prove to you that the vertical axis of 
elongation of this specific crystal is not just one of 4-fold 
rotation, but one of 4-fold rotoinversion. Figure 2.2e 
showsall the rotoinversional and rotational symmetry of 
the crystal (4 is vertical, and there are two 2-fold rotation 

axes in the horizontal plane between the centers of 
opposite edges of the crystal). Figure 2.2f shows the 
presence of two mutually perpendicular mirror planes 
as well. 

The only symmetry element that we have not dis- 
cussed in terms of its recognition in crystals (or crystal 
models) is a center of symmetry (or inversion, i). Inacrystal, 
or crystal model, the easiest element to recognize is the 

center of symmetry, 1, or i. With the crystal, or crystal 
model, laid down on any face ona table top, see whether 

a face of equal size and shape, but inverted, is present in 

a horizontal position at the top of the crystal (or crystal 
model). If this is so, the crystal contains a center of 
symmetry. Thus, the presence of a center of symmetry 

can be easily determined in a physical object (crystal, or 
crystal model), but it is much harder to recognize in the 
drawings of crystals as in Fig. 2.6. 
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MATERIALS 

Wooden or plaster models of crystals representing vari- 
ous crystal classes and a pad of plain paper for possible 
sketches. Wooden or plaster models represent highly 
idealized crystals. They are made in this idealized fash- 
ion in order to show physical similarity (e.g., equal size 
and shape) for faces (of a form) that are symmetry- 
related. If no models are available, a number of paper 

models are provided in Fig. 2.5; these can be cut out, 
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FIGURE 2.2 The determination of the presence of a rotoinversion 

axis in a crystal (see text for discussion). 

(a) (b) 

180° = 
inversion 

(e) 

(d) 

(f) 

Copyright John Wiley & Sons, Inc. 
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glued, and studied (see instructions inassignment). Even 
if wooden or plaster models are available in the class- 
room, the paper cutout models can be taken home and 
used as independent study materials. Furthermore, a 
representative number of crystal drawings are given in 
Fig. 2.6.Such drawings, knownasclinographic projections, 
can be used to locate symmetry elements, directly onto 
the drawing of the crystal. This method is by no means as 
instructive as the use of wooden or plaster models; if, 

however, such are not available, the drawings are help- 
ful. 

ASSIGNMENTS 

A. With wooden (or plaster) models, or crystals avail- 
able 

1. Select several different wooden (or plaster) models; a 

suite of different types is probably assigned by the in- 
structor. 

2. Locate all symmetry elements present in each model 
(see “some helpful hints” below). Summarize the sym- 
metry elements as noted in the column of Table 2.2, 
entitled “symmetry content.” List your findings in Table 
23: 

3. From the entries under “symmetry content” derive 
the notation that is internationally accepted for such 
symmetry content. That is, derive the Hermann—Mauguin 
(or international) notation from the column “symmetry 
content” (see Table 2.2 for reference). This system of 
symbolic symmetry notations will be explained further 

in exercise 3. 

4. Asan optional part of this assignment you may wish 
to make a relatively neat and large three-dimensional 
sketch of each model you are to study and describe. You 
can make a reasonably successful sketch only after you 
have familiarized yourself with the shape of the model 
and all its faces. The sketch should be fairly large so you 
can locate on it the symmetry elements, as requested in 
item 2. In addition to or in place of a sketch of the model, 
you may find it helpful to make some drawings of, for 
example, the front view, or of the top view, and so on. 

Such drawings will help in locating symmetry elements. 
Examples of how you might represent aspects of two 
isometric crystals, onea cube, the other a tetrahedron, are 

given in Fig. 2.3. 

By the way, you may find that such free-form sketches 

are stretching your artistic skills. If you really do not 
enjoy such sketches, you can use the three-dimensional 
sketches that are given in Fig. 2.6 

Some Helpful Hints 
The easiest element to identify is the center of symmetry 
1 (or 1). Lay the model on any face and see whether a face 
of equal size and shape, but inverted, is present in a 

horizontal position at the top of the model. If this is so, the 
crystal contains a center of symmetry. 

Next, look for a principal rotation axis, that is, a 
rotation axis with rotational symmetry greater than 2. If 
one 3-fold or one 4-fold axis is present, you can deter- 

mine its crystal system (see Table 2.2). If three 4-fold axes 

TABLE 2.2 The 32 Crystal Classes and Their Symmetry 

Crystal System Crystal Class Symmetry Content 

Triclinic 1 none 

vt i 

Monoclinic D, iAD 

m 1m 

2/m i, 1A,, 1m 

Orthorhombic 222. 3A, 

mm2 1A,, 2m 

2/m2/m2/m 1, 3A,, 3m 

Tetragonal 4 1A, 

4 1A, 
4/m L1Am 

422 1A, 4A, 

4mm 1A,, 4m 

42m 1A,, 2A,, 2m 

4/m2/m2/m i, 1A,,4A,,5m 

“ a 
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TABLE 2.2 (continued) 

Crystal System Crystal Class Symmetry Content 

Hexagonal? 3 1A, 

3 1A,(=i+1A,) 
ope 1A, 3A, 

3m 1A,, 3m 

32/m 1A, cA, om 
(1A, =i+A,) 

6 (ey, 

6 1A,(= 1A, +m) 

6/m i, 1A,, 1m 

622 1A, 6A, 

6mm 1A,, 6m 

6m2 Ae 3A,, 3m 

(1A, =1A, +m) 

6/m2/m2/m lA, OAs, 71m 

Isometric 23 3A,, 4A, 

2/m 3 3A,, 3m, 4A, 
(1A, =1A, +3) 

432 3A,,4A,,6m 

43m 3A,,4A,,6m 

4/m32/m 3A,,4A,,6A,, 9m 
(1A, =1A, +7) 

‘In this table all crystal classes ( point groups) beginning with 6, 6, 3, and 3 are grouped in the 
hexagonal system. In earlier editions of the Manual of Mineralogy the hexagonal system was 
divided into the hexagonal and the rhombohedral divisions. The use of these two subdivi- 
sions, as based on the presence of 6 or 6 versus 3 or 3 axes in the morphological symmetry of 
a crystal, results in confusion when subsequent X-ray investigations show a specific crystal 
with, for example, 32 symmetry to be based on a hexagonal lattice. This is the case in low 
quartz, which allows morphological symmetry 32 but is based on a primitive hexagonal 
lattice, resulting in a space group Poi2 (or P32). 

The hexagonal system can, however, be divided on whether the lattice symmetry is 
hexagonal (6/m2/m2/m) or rhombohedral (32/m). This results in the following groupings. 

Rhombohedral 

(hexagonal lattice division) (rhombohedral lattice division) 

6/m2/m2/m 32/m 

6m2 32/m 3m 
6m 3m 3D 

622 32 3 
6/m 3 3 
6 8 

6 

SOURCE: From Manual of Mineralogy, 21st ed., Dp ou 



EXERCISE 2 
Student Name 

TABLE 2.3 Record of Symmetry Content of Crystal Models 

Model Number Symmetry Content Crystal Class Notation (Hermann—Mauguin) 

a ne 
Please make photocopies of this form if more copies are needed. 

Copyright John Wiley & Sons, Inc. 
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FIGURE 2.3. Clinographic projection (three-dimensional 
sketches”) of (a) a cube and (d) a tetrahedron. Various 

views (b,c) of the cube, and (e, f, 2) of the tetrahedron. 

(a) (b) 

ne 
(c) 

QAAD 
(d) (e) 

are present, the crystal is in yet another, higher symme- 
try, crystal system (see Table 2.2). Hold the principal axis 
you may have found vertically (between thumb and 
index finger) and examine the plane perpendicular to it. 
This plane may be a mirror or it may not. It may, instead, 
contain one or several sets of horizontal 2-fold axes. 
These axes may or may not have mirrors perpendicular 
to them. In the symbolic representation of symmetry, an 
axis with a mirror perpendicular to it is shown (e.g., for 

a 3-fold axis) as 3/m. 
If you find no principal axis, you may find either one 

2-fold axis, several mutually perpendicular 2-fold axes, 
only a mirror, or a 2-fold axis with a mirror perpendicu- 
lar to it. 

The combination of the foregoing observations leads 
you toward the establishment of the correct symbol for 
the point group (= crystal class). Figure 2.4 is a very 
handy scheme (a “flow sheet”) for the determination of 
such point group symmetry. More is said about these 
symmetry symbols (known as Hermann—Mauguin, or 
international notation) in exercise 3, especially Table 3.3. 

B. In the absence of wooden (or plaster) models, or in 

addition to assignment A 

(f) (g) 

1. Use the common and simple crystal forms in Fig. 2.5 
as one part of this exercise. (The crystal patterns for Fig. 
2.5 are printed on heavy paper and appear at the end of 
the book.) Cut these figures out along the external solid 
lines. Score, but do not cut through, the dashed lines. 

Carefully fold inward along the scored lines. Fasten with 
a good-quality glue (Duco or rubber cement is very 
successful). Alternatively, hold the model together with 
transparent adhesive tape. 

2. The paper models can be evaluated in the same se- 
quence of steps as was outlined in the previous section 
(A) under the heading “with models available.” 

3. As these paper models are your own, and not re- 
stricted to study in a classroom or laboratory, they are 
very useful for further study at home. 

4. Use the clinographic projections of some commonly 
observed forms as given in Fig. 2.6. These illustrations 
are meant as a basis for the insertion of the various 
symmetry elements that their shapes imply. Locate such 
symmetry elements through the center of the drawing; 
use standard symbols for rotation axes and mirrors, as 
noted in Table 2.1 and in Figs. 2.1 and 2.2. 
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FIGURE 2.4 Scheme for theassignment of the symbolic point 

group notation on the basis of the symmetry content of a 

crystal. See Exercise 3 for further discussion of this symmetry 

notation. (By permission of B. M. Loeffler, Colorado College, 

Colorado Springs, Colorado.) 

No 

n-fold axis? ail 

23 

No Yes 
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No | Yes No 

i? m(2) m 1 n-fold axis? 

No | Yes No Yes 

1 4. n m's| n/m 

n-fold axis? Zim _ 
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4/m 

6/m 

No Yes 

If n=3, is op-bfg 
there i or Onn 
if n=2, is Bom 

there 4? pian 

6 mm 

No Yes 

n 
3 
4 

OfhWNS 

Four 3-fold axes? (isometric) 

Yes 
Three 4-fold axes? (if not 
there are three 2-fold axes!) 

No Yes 
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No Yes No Yes 

2/m3 432 4/m32 
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EXERCISE 2 
FIGURE 2.6 Clinographic projections of some commonly 
observed crystal forms. 

dis Gak 7 
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FIGURE 2.6 (continued) 

Student Name 

' 
1 
' 
’ 
J 
| 
' 
i] 

4 

(h) (i) 

(j) 
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FIGURE 2.6 (continued) 

Student Name 

(k) 

f 
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~ 

(m) 
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Student Name 

FIGURE 2.6 (continued) 

(o) 

(p) 

eS 

(q) 

(r) 

Ser ne nr nm ne rere ee 
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EXCERCISE 3 

COMMON CRYSTAL FORMS, CHOICE OF COORDINATE AXES, 

AND SYMMETRY NOTATION IN CRYSTALS 

PURPOSE OF EXERCISE 

Learning to identify crystal forms, the symmetry inher- 
ent in them, and to orient crystals according to their 
appropriate coordinate axes. All these aspects of crystals 
involve an understanding of the symmetry notation 
known as the Hermann—Mauguin, or international nota- 
tion. 

BACKGROUND INFORMATION: A crystal form (in 
short, form) consists of a group of symmetry-related 
crystal faces. The number of symmetrically equivalent 
faces in a form depends on the symmetry elements 
present that relate them, and on the orientation of the 
form with respect to the symmetry elements. On wooden 
or plaster models, the faces that belong to a specific form 

are made identical in size and shape. This simplifies the 
task of recognizing all faces that belong to the same form. 
In real crystals this may not be the case; however, they 
should show identical luster, etch pits, or striations. 

Forms are said to be open when they do not enclose space 
and closed when they do. For example, a form consisting 
of two parallel faces (see Fig. 3.1), a pinacoid (or paralle- 
lohedron), does not enclose space, whereas a cube does. 

The shapes and names of 48 forms (or 47, depending on 

the classification) are given in Fig. 3.1 and Table 3.1, 

respectively. The most commonly used nomenclature 
for forms in the English-speaking world is that of 
Groth-Rodgers, which contains 48 form names (33 for 

nonisometric forms, and 15 more for isometric forms). 

The internationally recommended system lists 47 forms 
(32 for nonisometric forms, and 15 more for isometric 

forms). The reason for the differences is that the dome 
and sphenoid (see Table 3.1, entries 3 and 4) are both 

named dihedron in the internationally recommended 
system. The logic of the derivation of the various names 
(etymology) based on Greek words in the internationally 
recommended nomenclature is especially attractive and 
easy to learn (see footnote to Table 3.1). 

The recognition of one or several forms on a crystal 
allows the observer to orient the crystal on the basis of its 
inherent symmetry content; that is, the total amount of 

symmetry in a crystal (e.g., numbers of rotation axes and 

mirrors, as discussed in exercise 2) dictates how a crystal 

should be conventionally oriented (when holding it 

between thumb and index finger). For example, certain 

rotation axes are, by convention, equivalent to specific 

directions in a coordinate axis system (see Tables 3.2 and 

Oro): 

Copyright John Wiley & Sons, Inc. 

Coordinate (reference) axes in a crystal are usually chosen 
parallel to crystal edges. Commonly these directions are 
coincident with symmetry directions. Information on 
the choice of coordinate axes, appropriate to the inherent 
symmetry content of the crystal, is given in Fig. 3.2 and 
Table 3.2. 

As noted before, the choice of one of the coordinate 

axis systems illustrated in Fig. 3.2 is a function of the total 
symmetry content inherent in the crystal. If the crystal 
has no or relatively low overall symmetry, it may be part 
of the triclinic or monoclinic systems, whereas if it shows 
the highest possible symmetry it would undoubtedly be 
classified as part of the isometric system. There are six 
crystal systems: triclinic, monoclinic, orthorhombic, tetragonal, 

hexagonal, and isometric, each of which groups a number 
of point groups (or crystal classes) on the basis of com- 
mon symmetry characteristics. 

Before one can decide on the appropriate coordinate 
axes for a specific crystal, one must derive its total 
symmetry context (as was done in exercise 2). This 
symmetry content is best expressed in a symbolic nota- 
tion known as the Hermann—Mauguin, or international 
notation. In exercise 2 symmetry content was evaluated, 
and indeed the Hermann—Mauguin notation was shown 
in Table 2.2 as well as Fig. 2.4. However, at that time no 

explicit instructions were given to enable you to convert 
the overall symmetry content of a crystal into this nota- 
tion. We will do this now. 

The overall symmetry content of a crystal “pigeon- 
holes” it in groupings of crystal systems (six of these), 
and these systems in turn dictate the type of coordinate 
axes choices. 

If a crystal contains only 1, or 1 (= no symmetry, 

identity only), it belongs to the triclinic system; in this 
system there are no symmetry constraints on coordinate 

axes (= axial directions); see Fig. 3.2. 
If, however, a crystal (or model) shows only 2/m,m, or 

2 as its symmetry content, it is part of the monoclinic 
system. The description of this system is most commonly 
based on choosing the b axis as the 2-fold axis, or choos- 
ing the b axis direction as perpendicular to the mirror (in 
point group m). This orientation is referred to as the 
“second setting” in the monoclinic system. (The first 
setting, with the c axis as the 2-fold direction, is very 

infrequently used in the literature.) Ifindeed your crystal 
(or model) has monoclinic symmetry, you must also 
decide on the directions of the a and c axes and the size 

of the B angle (the b axis is fixed, as was noted earlier; see 

also Table 3.2). Figure 3.3 illustrates a typical monoclinic 

29 
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FIGURE 3.1 The 48 (or 47) different crystal forms and some 
of their symmetry elements. (From Manual of Mineralogy, 21st 

ed., pp. 49-52). Nonisometric forms 

(1) Pedion (2) Pinacoid (3) Dome (4) Sphenoid 
(monohedron) (parallelohedron) (dihedron) (dihedron) 

(5) Rhombic prism (6) Trigonal prism (7) Ditrigonal (8) Tetragonal 
prism prism 

alias @ Gm eek Ca 

(9) Ditetragonal j 5 Z ace (10) Hexagonal prism (11) Dihexagonal prism 

ae 
Copyright John Wiley & Sons, Inc. 
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FIGURE 3.1 (continued) 

Nonisometric forms (cont'd.) 

Ash & a pp 
(12) Rhombic pyramid (13) Trigonal (14) Ditrigonal (15) Tetragonal (16) Ditetragonal 

pyramid pyramid pyramid dipyramid 

QP “Be nF 

ZS We a <—m 

(17) Hexagonal (18) Dihexagonal (19) Rhombic (20) Trigonal (21) Ditrigonal 

pyramid pyramid dipyramid dipyramid dipyramid 

VY 
(22) Tetragonal dipyramid (23) Ditetragonal dipyramid (24) Hexagonal dipyramid (25) Dihexagonal dipyramid 

Copyright John Wiley & Sons, Inc. 
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FIGURE 3.1 (continued) 

Nonisometric forms (cont’d.) 

v 
(26) Trigonal 
trapezohedron 

(27) Tetragonal 
trapezohedron 

(30) Hexagonal 
scalenohedron 

(ditrigonal 
scalenohedron) 

(31) Rhombohedron 

og 
(29) Tetragonal 
scalenohedron 

(rhombic 
scalenohedron) 

(28) Hexagonal 
trapezohedron 

./ 

(32) Rhombic disphenoid 
(rhombic tetrahedron) 

(33) Tetragonal disphenoid 
(tetragonal tetrahedron) 

Copyright John Wiley & Sons, Inc. 
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FIGURE 3.1 (continued) 

Isometric forms 

(34) Cube (hexahedron) (35) Octahedron (36) Dodecahedron 

(rhomb-dodecahedron) (37) Tetrahexadron 

(38) Trapezohedron (39) Trisoctahedron (40) Hexoctahedron 

(tetragon-trioctahedron) (trigon-trioctahedron) (hexaoctahedron) 

42) Tristetrahedron 
, 

Ave neintereanedron (43) Deltoid dodecahedron (44) Hextetrahedron (45) Gyroid 

(tetragon-tritetrahedron) (hexatetrahedron) (pentagon-trioctahedron) 

(48) Tetartoid 
46) Pyritohedron (47) Diploid 

(dihexahedron) (didodecahedron) (pentagon-tritetrahedron) 

Copyright John Wiley & Sons, Inc. 
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TABLE 3.1 The Names of the 33 (or 32) Different Types of Nonis ometric Crystal Forms and of the 15 Isometric 

Crystal Forms Eee Eee 
Internationally Recommended Name 

Name According to System of Groth-Rogers* Number of Faces? (after Fedorov Institute) 

1. Pedion 1 Monohedron 

2. Pinacoid 2 Parallelohedron 

3. Dome pA Dihedron 

4. Sphenoid 2 Dihedron 

5. Rhombic prism 4 Rhombic prism 

6. Trigonal prism 3 Trigonal prism 

7. Ditrigonal prism 6 Ditrigonal prism 

8. Tetragonal prism 4 Tetragonal prism 

8. Ditetragonal prism 8 Ditetragonal prism 

10. Hexagonal prism 6 Hexagonal prism 

11. Dihexagonal prism 12 Dihexagonal prism 

12. Rhombic pyramid 4 Rhombic pyramid 

13. Trigonal pyramid e) Trigonal pyramid 

14. Ditrigonal Pyramid 6 Ditrigonal pyramid 

15. Tetragonal pyramid 4 Tetragonal pyramid 

16. Ditetragonal pyramid 8 Ditetragonal pyramid 

17. Hexagonal pyramid 6 Hexagonal pyramid 

18. Dihexagonal pyramid 12 Dihexagonal pyramid 

19. Rhombic dipyramid 8 Rhombic dipyramid 

20. Trigonal dipyramid 6 Trigonal dipyramid 

21. Ditrigonal dipyramid 12 Ditrigonal dipyramid 

22. Tetragonal dipyramid 8 Tetragonal dipyramid 

23. Ditetragonal dipyramid 16 Ditetragonal dipyramid 

24. Hexagonal dipyramid 12 Hexagonal dipyramid 

25. Dihexagonal dipyramid 24 Dihexagonal dipyramid 

26. Trigonal trapezohedron 6 Trigonal trapezohedron 

27. Tetragonal trapezohedron 8 Tetragonal trapezohedron 

28. Hexagonal trapezohedron 12 Hexagonal trapezohedron 

29. Tetragonal scalenohedron 8 Rhombic scalenohedron 

30. Hexagonal scalenohedron 12 Ditrigonal scalenohedron 

31. Rhombohedron 6 Rhombohedron 

32. Rhombic disphenoid 4 Rhombic tetrahedron 

33. Tetragonal disphenoid 4 Tetragonal tetrahedron 

Total number of forms = 33 Total number of forms = 32 

Isometric Crystal Forms 

34. Cube 6 Hexahedron 

35. Octahedron 8 Octahedron 

36. Dodecahedron 12 Rhomb-dodecahedron‘ 

37. Tetrahexahedron 24 Tetrahexahedron 

38. Trapezohedron 24 Tetragon-trioctahedron 
39. Trisoctahedron 24 Trigon-trioctahedron 

40. Hexoctahedron 48 Hexaoctahedron 

41. Tetrahedron 4 Tetrahedron 
42. Tristetrahedron 12 Trigon-tritetrahedron 
43. Deltoid dodecahedron 12 Tetragon-tritetrahedron 
44, Hextetrahedron 24 Hextetrahedron 

45. Gyroid 24 Pentagon-trioctahedron 
46. Pyritohedron 12 Dihexahedron 

47. Diploid 24 Didodecahedron 
48. Tetartoid 12 Pentagon-tritetrahedron 

4 The terminology in the first column is a compromise of generally accepted names used in the English-speaking world. The internationally 
recommended system of nomenclature is based on the generally accepted terms for geometric shapes with adjectives derived from Greek words. 
The adjectives give the shape of the cross section of the ideal geometric form, either at midheight or near an apex. In the rhombic prism, for 
example, the cross section of the prism is rhomb-shaped. The Greek prefixes for 1, 2, 3, 4, 5, 6, 8, and 12, are mono, di, tetra, penta, hexa, octa end 

dodeca; the word gonia means angle, as in hexagon; hedron means face, as in polyhedron; rhomb, a planar figure with four equal sides and opposite 
angles equal (two acute, two obtuse); prism, three or more faces intersecting in parallel edges; pyramid, three or more faces whose edges intersect 
in a point; trapezohedron, a form with faces that are trapezoids (four-sided faces in which no two sides are parallel but two adjacecent sides are 
equal); and scalenohedron, in which faces are scalene triangles (triangles in which no two sides are equal). 
» The number of faces of each form is given. The numbers on the left refer to Fig. 3.1. In this listing the eight synonymous terms are in italics 
“In the internationally recommended scheme a prefix describes the shape (as in rhomb) or the number of edges (as in trigon). 
SOURCE: From Manual of Mineralogy, 21st ed., pp. 47, 48. 
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TABLE 3.2 Crystal Systems and Their Coordinate Axes re ee ee a ee ee eee 
Crystal System Coordinate Axes 

Triclinic No symmetry constraints on choice of axes 
@G#tbszc ax py)" 

Monoclinic If 2-fold axis is present, set this as b; if only mirror present, choose b perpendicular to it 
a#b#c;a=y = 90°; B > 90°) 

Orthorhombic The three mutually perpendicular directions about which there is binary symmetry (2 or m) are 
chosen as the axial directions, a, b, and c 

aebDe2c) @= p= y =90)°) 
Tetragonal The unique 4-fold axis is chosen as c; the two a axes are in a plane perpendicular toc 

(a # b, which results in a, = a,,0=B =y= 90°) 

Hexagonal The unique 6-fold (or 3-fold) axis is chosen as c; the three a axes are in a plane perpendicular to c 
(a = b, which results in a, = a, = a,; a = B = 90°; y= 120°) 

Isometric The three 4-fold rotation axes (when present) are chosen parallel to the three coordinate axes 
(a,,a,,a,); if 4-fold rotation axes are absent, locate the four 3-fold axes at 54°44' to the a axes 
(the 3-fold directions are parallel to diagonal directions from corner to corner in a cube) 
(a, =a, =a,,a=B=y=90°) 

———— 
*The notation a # b means that the a axis is nonequivalent to the b axis. Similarly, «# B means that the angle ais not equivalent to the angle B. When 
a specific axis turns out to be equivalent to another axis, a = b results, which crystallographers rename as 4, = 4, 

TABLE 3.3 Relationship of Hermann—Mauguin Symbols to Coordinate Axes in Crystals 

Point Group (crystal class) Crystal System Symmetry Constraints on Hermann-Mauguin Notations 

‘pI Triclinic No symmetry constraints on location of coordinate axes 

2,m,2/m Monoclinic 2-fold = b (“second setting”); mirror is the a—-c plane 

222, mm2, Orthorhombic 2-fold axes coincide with coordinate axes in the order a, b,c: 

2/m2/m2/m 

4,4,4/m, Tetragonal 4-fold axis (unique) is c axis; second symbol (if present) refers to both 
422, 4mm, a, and a, axial directions; third symbol (if present) refers to directions 

42m,4/m2/m2/m at 45° to the a, and a, axes. Example: 422: 4 = c; first 2 means 2-fold axes 
along a, and a,; second 2 means two more 2-fold axes along diagonal 
directions. 

6,6,6/m, _ Hexagonal 6-fold axis (or 3-fold axis) is c axis; second symbol (if present) refers to 
622, 6mm, 6m2, three axial directions (a,,4,, and a,); and third symbol (if present) refers 
6/m2/m2/m, to directions at 30° to the a,,a,, a, axes. Example: 6m2; 6 is coincident 

3, 3, 32, 3m, 32m with c axis; m’s present along the three axial directions (a,, a,,a,) and 
2-fold rotations occur along the directions half-way to the crystallogra- 
phic axes (a,, 4,, a,) 

23, 2/m3, Isometric The first entry refers to the three crystallographic axes (a,, a,, a,); the 

432, 43m, second symbol refers to four directions at 54° 44' to the crystallographic 

4/m32/m axes (these directions run from corner to corner in a cube); the third 

symbol (if present) refers to six directions that run from edge to edge in 
the cube. Example: 4/m32/m; all three a axes are axes of 4-fold rotation, 

with mirrors perpendicular to them; the “corner to corner” directions 
(in a cube) are 3 (there are four such directions); the “edge to edge” 
directions (in a cube) are 2-fold rotations (there are six such directions) 
with mirrors perpendicular to them. 

SSS 
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the positive end of c. In the drawings of the coordinate system 
the positive ends of the axes are oriented as follows: a toward 

them equivalent. The coordinate axis system used in crystal- the observer, b toward the right, and c to the top. Where there 
lography is a “right-handed” system, which means that if the is equivalency in the axes, a= b becomes a, =a,,a =b=c becomes 
positive end of ais turned toward the positive end of b, a screw a, =a, =a,,and so forth. 

motion can be imagined, with the advance of the screw toward 

FIGURE 3.2 Coordinate axes among the six crystal systems. 
The three directions are labeled a, b,c, unless symmetry makes 

Triclinic crystal axes 

Monoclinic crystal axes 

Orthorhombic crystal axes 

+a, 
Hexagonal crystal axes 

Tetragonal crystal axes Isometric crystal axes 

Copyright John Wiley & Sons, Inc. 
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crystal, upon which appropriate coordinate axis choices 

and B angle are superimposed. Once the 2-fold axis (= b) 
is located in this example, it is clear that the inclined and 

vertical edges make an angle of 128° (or 52°) with each 

other. The B angle is chosen as the obtuse angle (larger 
than 90°); thus B = 128°. Thea and c axes are chosenat this 
angle of intersection, parallel to pronounced edges on 
the crystal. Such evaluations of the symmetry content 
and the subsequent deduction of the proper choice of 
coordinate axes is a little more straightforward in the 
orthorhombic, tetragonal, hexagonal, and isometric sys- 

tems because in these there are clear symmetry con- 
straints on several unique axial’ directions (see Table 
3.2). Please refer back, at this time, to Table 2.2, where 

the column labeled “Crystal Class” shows the 
Hermann—Mauguin notation of all 32 crystal classes. 
These Hermann—Mauguin symbols may contain a single 
item (e.g., as in triclinic or monoclinic systems) or two, or 

three items. Each item symbolizes the symmetry along a 
certain direction (e.g., in 2/m, the 2-fold rotation axis = b, 

which is perpendicular to a mirror in the a—c plane). In 
higher symmetry crystal systems unique rotational 
symmetry axes (see Table 3.2) are chosen as coordinate 
axes. The remaining directions in the Hermann—Mauguin 
symbol may be additional coordinate directions. As an 

FIGURE 3.3 Choice of coordinate axes and B angle in a 
crystal with monoclinic symmetry (2/m). 

Vertical axis = c 

Inclined 
edge 

Vertical 

2-fold rotation 

axis = 6 

example, for the tetragonal crystal class (point group), 
4/m2/m2/m, the unique 4-fold axis =c, the second entry 

with 2 refers to the two a axial directions with mirrors 
perpendicular to them, and the third entry refers to 2- 
fold rotation axes in positions diagonal to the a axes. 

By combining the symmetry elements deduced from 
your model with the types of constraints given in Table 
3.2, you are gradually establishing the correct symbol- 
ism for the point group (crystal class) notation. A résumé 
of the conventions that relate to the Hermann—Mauguin 
system of notations is given in Table 3.3. 
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Vertical axis = c 

2-fold 
rotation 
axis = b 

(toward you) 

Sloping axis = a 
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MATERIALS 

Wooden or plaster crystal models with various form 

developments. If such models are not available, use the 

illustrations in Fig. 3.4 as the basis for this assignment. 

ASSIGNMENTS 

A. A selection of wooden or plaster crystal models is 

available 
1. Select several wooden (or plaster) models; a suite of 

different types is probably assigned by the instructor. 

2. On each of your models identify all the faces that 
belong to one and the same form. If a model shows more 

than one form, extend mentally the faces of the most 

prominent form (the one with the largest faces) and 

visualize what this form would be if it occurred alone. 

Then, visualize the extended shape of the second most 
pronounced form, and so forth. Consult Fig. 3.1 and 

Table 3.1. In crystal drawings faces of the same form are 
commonly identified by the same letter, which is helpful 
in the recognition of faces belonging to the same form. 
Crystal faces may also be identified by their Miller index, 
again showing which faces belong to what form. How- 
ever, Miller indices are not discussed until exercise 4. 

Record your model number, the form names, and form 

type (open vs. closed) in Table 3.4. 

3. The recognition of forms facilitates your assessment 
of the total symmetry content of the crystal (or model). 
All of the 32 possible symmetries (the 32 point groups or 
crystal classes) are grouped into six crystal systems. The 
coordinate axes, and their orientations, within the six 

crystal systems, are tabulated and illustrated in Fig. 3.2 
and Table 3.2, respectively. In the fifth column of Table 

3.4 enter the names of the crystal systems to which each 

of your models belong, and record their point group 

symmetry in Hermann—Mauguin notation (you may 

wish to refer to Fig. 2.4 in exercise 2 to help with the 

derivation of point groups). 

4. In the last column of Table 3.4 note which symmetry 
elements coincide with which of the coordinate (axial) 

directions. 

B. An additional exercise to assignment A using Fig. 3.4 

1. In all, or a selection of, the crystal drawings in Fig. 3.4 
write the appropriate letter on all the faces that compose 
the same form. In each of the drawings you will note that 
letters are given for specific faces; however, a letter is 

given only once. In this assignment you are asked to 
write the given letter on all equivalent faces. 

2. In Table 3.5 record the letter given for the form, and 

the number of faces that make up the form. 

3. Complete the various columns labeled “open or closed 
form,” and “name of form” (refer to Fig. 3.1 and Table 

Sil.) 

4. Establish, from the drawings in Fig. 3.4, the overall 

point group symmetry of each crystal, and record this as 
well as the name of the crystal system in Table 3.5. It 
would be best to record the point group (crystal class) 
symmetry in Hermann—Mauguin notation. 

5. On the crystal drawings of Fig. 3.4, sketch the loca- 

tions of the positive ends of the axes. That is, +4,, +4, +A, 

or +4,, +a,, and +c, or +a, +b, +c, etc., as appropriate. 

Along these axial directions locate any symmetry axes 
(using standard symbols) that may be present. 



EXERCISE 3 
FIGURE 3.4 Some common forms on crystals. 
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FIGURE 3.4 (continued) 
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FIGURE 3.4 
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FIGURE 3.4 (continued) 
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EXERCISE 4 

INDEXING OF PLANES AND DIRECTIONS IN A LATTICE 

AND ON CRYSTALS 

PURPOSE OF EXERCISE 

Determination of intercepts and Miller indices (a) for 
planes in a crystal lattice, (b) for faces on crystals, and (c) 
for zonal directions in crystals. 

BACKGROUND INFORMATION 
a. Planes in a lattice. The definition of a lattice is “an 
imaginative pattern of points (or nodes)—in three-di- 
mensions—in which every point (or node) has an envi- 
ronment that is identical to that of any other point (or 
node) in the pattern. A lattice has no specific origin as it 
can be shifted parallel to itself” (Manual of Mineralogy, 
1993, p. 110). In such a lattice three coordinate axes are 
selected parallel to the unit cell edges of the lattice. The 
standard type of axis notation is shown in Fig. 4.1, with 
the positive end of the a axis forward, the positive end of 
the b axis toward the right, and the positive end of thec 
axis vertical. The translations along the axes are t, along 
a, t, along b, and t, along c. Figure 4.1 shows such 
translations for the nodes along the axial directions (note 
that the coordinate axes are not necessarily at right 
angles to each other, and that the translations along the 
three axes are not necessarily different). 

Once a coordinate system has been chosen for a spe- 
cific lattice, the orientation of any plane (made up of 
nodes in the lattice) can be uniquely described in terms 
of the intercepts of such a plane on the coordinate axes 
(that is, in terms of its intersections t,, t,, and t,). Examples 

of the intercepts of various planes with respect to the 
coordinate axes of a lattice are shown in Fig. 4.2. How- 
ever, instead of intercept values (which can be deter- 
mined directly by inspection of a lattice, as in Fig. 4.2), 
Miller indices are generally used for the definition of the 
orientation of a plane in a lattice. Miller indices are the 
reciprocals of the intercepts of a plane, with the axis 
notation omitted, but reported such that the first digit 
reflects a, the second b, and the third c. When a plane is 

parallel to one of the three axes, its “intercept” (that is, its 

parallellism) is noted as infinity, by the symbol -. With 

reference to Fig. 4.2: 

Plane Intercepts Reciprocals Miller Indices 

(a) C ca,oob,1c 3,2,1 (001) 

(Db) Xe 2 acaba srtrt 0 (302) 

(c) A 1a,2b,1e 2,1,3 x2 (212) 

Bewlaalibri-c tyt7t (111) 

Se Rigi eke Wee (212) 

Copyright John Wiley & Sons, Inc. 

In the foregoing table the column headed “Recipro- 
cals” contains a number of fractions. These are elimi- 
nated by multiplying with a common factor (e.g., 6 or 2) 
in the derivation of the Miller index. It should be noted 
that two planes in Fig. 4.2c are parallel (namely, planes A 
and C) and these, although having different intercepts, 
turn out to have the same Miller index (212), implying 
their parallelism. 

Although the Miller indices in the table are merely a 
sequence of three digits, it is conventional to report them 
inside parentheses for the identification of a specific 
plane, e.g., (001), (302), (212), and (111); read oh oh one, 

three oh two, etc. 

In order to understand further the relationship of a 
digit in Miller index notation to intercepts on coordinate 
axes, turn to Fig. 4.3. The plane shown has intercepts SE, 

along a, along b, and 1t, along c, resulting in 3a,, b, 1c. 

The reciprocals of these intercepts are =, =, +, which when 
multiplied by 3, become the Miller index (103). In this 
Miller index the largest digit (3) reflects the intercept 
with the smallest multiple of t (1t,), whereas the smallest 
digit (1) reflects the larger multiple of t(3t,). The 0 digit is 
the reciprocal of c, and as such a zero in a Miller index 
always means intersection at infinity for the axis speci- 
fied by the zero in the index. 

Four digits are used to describe the orientation of a 
plane when the lattice (or crystal) belongs to the hexago- 
nal system (witha unique 6- or 3-fold axis). In this system 
(see exercise 3, Fig. 3.2) four coordinate axes are used; 

three horizontal axes of equal length, at 120° to each 
other, labeled a,,a,, and a,, and a uniquely defined (6- or 

3-fold) vertical c axis. Figure 4.4 shows a plane that 
intersects all four coordinate axes in a hexagonal lattice. 
Its intercepts are It, 1f,, -5 t,, 1t,, with t,, t,, and t, repre- 

senting the translations along a,, a,, and a,, and f, the 

translation along c. The reciprocals of these intercepts 
are: i, aie +, i, which results in (1 1 2 1); read as one, one, 

minus two, one. This four-digit index is known as the 
Bravais symbol. The third digit in this symbol is always 
equal to the negative sum of the first two, because one 
axis is redundant. However, the presence of three hori- 

zontal axes is the direct result of the presence of a 6, 6, 3, 

or 3 axis in the hexagonal system. 

b. Faces onacrystal. Ina lattice, as explained earlier, one 
can count the number of intercepts of a specific plane 
along coordinate axes. In a crystal, or crystal model, one 
can (after the coordinate axes are chosen) determine the 
general orientation of a plane with respect to these axes, 
but one can estimate only relative values for the inter- 
cepts. How then does one go about assigning intercepts, 
or Miller indices, to the faces of crystals? On the basis of 

28) 
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FIGURE 4.1 Standard type of axis notation for three coordi- 

nate axes (a, b, and c) at right angles to each other. Translations 

along these axes are shown by the spacings of the nodes and are 

designated as t,, t,, t,. 

Copyright John Wiley & Sons, Inc. 
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FIGURE 4.2 Intercepts for several planes with various orien- 
tations to the coordinate axes. 

(a) Plane intercepts: 
oo along a (co = infinity), 
oo along b, and- 
1t3 (= unity) along c. 

(6) Plane intercepts: 

2t, along a, 
co along b, and 

b 
3t3 along c. SS 

(c) Plane intercepts: 
A: 1t), 2to, 1t3 

F 1t,, lto, 1t3 

Set 1 
: 2 fh lto, 2 '3 

Se 

KS 

a 
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FIGURE 4.3 Relationship of digits in Miller index notation 

to multiples of intercepts; see text for discussion. 

Cc 

Ze 

b Plane intercepts: 
feo wa tec cle 3t, along a, 

o along b, and 
1t3 along c. 

Ko 

a3(+) 
FIGURE 4.4 (a) Perspective view of coordinate axes in the 
hexagonal system, and a plane intersecting all four axes. (b) 
Plan view of the horizontal axes showing the horizontal trace 
of the plane. 

(+) (-) | ‘2 ae) 
(a) ee ap) = o—> 

a3(+) 

J a3(—) 

(b) 

Intercepts of plane: ae i 
1t,, lto, = > ts, 1t4 
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the overall symmetry of the crystal (or model), one first 
locates the appropriate coordinate axes (see exercise 3). 
When these have been selected, identify the largest faceon 
the crystal that cuts all three (a, b, c) axes and assign it the 

(estimated) intercepts of 1a, 1b, 1c. Sucha face is referred 
to as the unit face and is given the Miller index of (111). 
Once the identity of such a unit face is established, the 
Miller (or Bravais) indices of all other faces are fixed. In 
the hexagonal system select as the unit face a large face 
that intersects the c axis and has equal intercepts on the 
a, and -a, axes. This unit face (see Fig. 4.5) will thus be 

parallel to thea, axis, and its Bravais index is (1011). This 
is acommon rhombohedral face in, for example, calcite 
and quartz. 

When it is impossible to obtain the absolute intercept 
values for crystal faces, a more general symbol of the 
Miller (or Bravais) index is commonly used. Such a 
general symbol is (hkl) where h,k, and | are, respectively, 
variables representing the reciprocals of rational but un- 
defined intercepts along thea, b, and c axes; similarly, in 
the hexagonal system the (hkil) Bravais symbol represents 
h,k,i,and /as rational but undefined intercepts along the 
a,,a,,@,,and c axes. Less general symbols would be (hk0), 

(Okd), (hOl) with the crystal faces cutting only two of the 
coordinate axes (0 referring to an intercept of ©; == 0). 
Even more specifically oriented crystal faces might have 
indices, such as (100), (010), (001), or (0001), where only 

one axis is cut by the plane (that is, it is parallel to two 
other axes, or the three horizontal axes as in the hexago- 

nal system). 
In exercise 3 we discussed crystal forms and noted 

that faces that belong to the same form are commonly 
identified by the same letter on crystal drawings (see Fig. 
3.4). Instead of using letters, one can use the Miller index 
of each specific crystal face that is part of a form to label 
all the faces in the form. This is also commonly done in 
crystal drawings. However, for referring to a specific 
crystal form, it is conventional to use only one of the 
form’s several Miller indices, namely the Miller index 
symbol with positive digits enclosed in braces. For ex- 
ample, aside pinacoid consists of two parallel faces (010) 

and (010); the form symbol for this pinacoid is {010}. An 

octahedron in the isometric system has eight faces with 

the following eight Miller indices: (111), (111), (111), 

(111), (111), (111), (111), and (111). The form symbol for 

this octahedron becomes {111}. The Miller index notation 

for a form that has a completely general orientation with 

respect to coordinate axes would be {hkl}. 

Forms are commonly described in two general 

categories: general forms and special forms. A crystal face 

(hkl), which is part of the form {hkl}, is oriented in the 

most general position with respect to the symmetry ele- 

ments of the crystal. Accordingly, the {hkl} form is the 

general form. On the other hand, another crystal face may 

have a relatively specialized position with respect to the 

inherent symmetry elements of the crystal; such a form 

is known as a special form. In the 4/m32/m crystal class 
(point group) of the isometric system, the general form 
{hkl} is represented by the hexoctahedron (containing 48 
faces); in this same point group the cube {001} is a special 
form with only six faces. In most point groups the gen- 
eral form has a larger number of crystal faces than any of 
the possible special forms in the same point group. 

c. Zones on crystals. On examination of a number of 
crystals, crystal models or crystal drawings, one ob- 
serves that a prominent feature on most of them is that 
the faces are so arranged that the intersection edges of 
several of them are parallel. See Fig. 4.6a, where four ver- 
tical faces intersect parallel to the vertical direction, thec 
axis. Such a group of faces constitutes a zone, and the 

common direction of edge intersections is the zone axis. 
Zone axes can be expressed by symbols similar to Miller 
indices but distinguished from them by being enclosed 
in square brackets such as [hkl], [001], or [0001]. The 

distinction should be noted that Miller indices represent 
planes and zone symbols represent directions. 

When coordinate crystal axes are selected, it is com- 
mon to choose them parallel to the zone axes of three 
major zones. In orthogonal crystal systems with mutu- 
ally perpendicular coordinate crystal axes, there appears 
to be asimple relation between zone symbols and Miller 
indices. That is, [100], [010], and [001] are respectively 

perpendicular to (100), (010), and (001) (see Fig. 4.6b). 

However, it is obvious in the monoclinic system that 
[001] (=c) cannot be perpendicular to (001) because (001), 
which is parallel to the a—b plane, makes an angle with c 

greater than 90°. (See Figs. 4.6c and d.) Here [100] is the 

zone axis of faces (010) and (001) and is parallel to their 
line of intersection; [010] is the zone axis of (100) and 

(001); and [001] is the zone axis of faces (100) and (010) 

and is parallel to their intersection edge. 
Zonal relations are clearly shown on the stereogra- 

phic projection and are most useful in locating poles of 

crystal faces (see exercise 5). 
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York, pp. 51-52. 
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MATERIALS 

(a) One or several lattices (made of balls and metal 
connecting rods), in which various planes are outlined 
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FIGURE 4.5 (a) Perspective view of coordinate axes in the 
hexagonal system, and a plane defined as the unit plane. (b) 
Plan view of the three horizontal axes showing the horizontal 
trace of the plane. 

c(+) 

Intercepts of plane: 
1 th, oto, -1 t3, 1 tq 

(-) oa) 
@ oe—> 

(a) 

Na +) /. (=) 

. @ 

Intercepts of the above plane 
on the horizontal axes: 

1 ty, ets, — 1 t3 

(=) a>(+) 
o—______——_ Qa 

ty —t3 

120° 

Trace of 
@ @ plane 

in part a 

(b) a;(+) (-) 
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INDEXING OF PLANES AND DIRECTIONS IN A LATTICE AND ON CRYSTALS 59 

FIGURE 4.6 (a) Tetragonal crystal with vertical faces parallel tical cross section through crystal in part c; notice that here zone 
to [001]. (b) Vertical cross section through crystal in part a, axes and perpendiculars to crystal faces are in different direc- 
showing zones [001] and [010]. (c) Monoclinic crystal. (d) Ver- _ tions. 

Zone axis, 
parallel to c axis, 

[001] 

[010] = b 

(a) 

Direction 1 (001) 

Direction 
1 (100) 

{100] =a 

(d) 
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60 EXERCISE 4 

by variously colored balls. If such are not available, use 
the lattice drawings in Fig. 4.7. (b) Wooden or plaster 
models of crystals. If these are not available, use the 
paper models constructed in exercise 2, Fig. 2.6 and/or 

Fig. 3.4, as well as Fig. 4.8. 

ASSIGNMENTS 

A. With lattices available in the laboratory; alterna- 
tively, use Fig. 4.7 

1. Choose a set of coordinate axes for the lattice and 

determine the intercepts on these axes for various planes 
(planes that may be outlined by balls of various colors); 

if such a lattice is not available, use Fig. 4.7. 

2. Determine the intercepts of each of the marked planes. 

3. Obtain the Miller indices for the same planes. 

4. Report your observations in Table 4.1. 

B. With crystal models available in the laboratory 

1. Determine the overall symmetry (crystal class) of the 
model. 

2. Orient it according to the appropriate coordinate axes 
(see exercise 3). 

3. Define a unit face, if such is present on the crystal [this 
is the (111) face]; if this is not present, the faces of your 

crystal (model) will have indices such as (hk0), (OKI), 

(h00), (O01), and (hkl). 

4. Index all other faces on your crystal. Notice that in the 
foregoing “background information” we discussed only 
the indexing in the positive part of the coordinate system 
(e.g., along the + end ofa, the + end of b, and the + end of 

c). A crystal will also have faces that intersect at the 

negative ends ofa, b, andc. As such the total listing of the 
indices of faces ona crystal may include not only 100, but 
also 100 (read: minus one, oh, oh); 310, but also 310 or 310, 

etc. This should remind you that all the faces of a form 
have very similar Miller (or Bravais) indices. 

5. Report your findings in Table 4.2. 

C. In the absence of crystal models, or as an alternative 
to assignments A and B, use Fig. 2.6 and/or Fig. 3.4 

1. Figures 2.6 and 3.4 both depict common crystal forms 
and combinations. The forms are completely unidenti- 
fied in Fig. 2.6, but they are given letters in Fig. 3.4. Using 
Fig. 2.6 as a base, locate the appropriate Miller indices on 
the crystal faces. 

2. Using Fig. 3.4 give the appropriate Miller index for 

each of the forms identified by a letter. For example, 
write next to the crystal drawing m = {110}, etc. 

D. Using Fig. 4.8 as a basis for Miller index notation 

1. The external outline of an orthorhombic crystal, in an 

a-b section, is shown in Fig. 4.8. This outline is superim- 
posed ona net of lattice nodes in which the origin and the 
+a and +b axes are identified. All the crystal faces are 
parallel to the c axis, which is vertical and comes out of 

the page toward you, from the point of origin. As such, 
all the faces, as well as the one set of crystal planes 
(dashed lines), are of the (hk0) type. On the right-hand 
side of the figure list the intercepts for each of the faces. 

2. In the bottom part of the figure convert these to Miller 
indices for each face. 

3. Lastly, give the Miller index notation for each of the 
forms, in the lower right part of the figure. 



EXERCISE 4 
FIGURE 4.7 Two lattices with five planes (A, B, C, D, E) and 

four planes (F, G, H, I), respectively. For clarity nodes are 
shownonly along edges of the lattice. Record your results in the 
lower half of Table 4.1. 
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EXERCISE 4 
FIGURE 4.7 (continued) 
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EXERCISE 4 
FIGURE 4.8 Horizontal cross section through an orthorhom- 
bic mineral, superimposed ona regular pattern of lattice nodes. 
Record intercepts and Miller indices for faces on the crystal, 
and record form symbols at the bottom of the page. 
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EXERCISE 4 
Student Name 

TABLE 4.1 Planes in a Lattice Model and in the Lattice in Fig. 4.7 

Coordinate Axes 
(Their Lengths and Intercepts of Planes 
Angles Between Them) (Identify Plane by Color or Letter) Miller Indices of the Same Planes 

| 

With reference to the lattice in Fig. 4.7: identify the coordinate axes on the figure. 

Intercepts of Planes Miller Indices of the Same Planes 

A. 

Nee 
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EXERCISE 4 
Student Name 

TABLE 4.2 Faces and Directions in Crystal Models 

Overall Symmetry 

(Crystal Class of Crystal) Miller Index for Each Crystal Face 

| Faces 

a. 

b. 

Coordinate Axes c. 
(Their Lengths and 
Angles Between Them) d 

e. 

i 

etc: 

Crystal Sketch (optional) Define Obvious Zones in Crystal by Direction Index Symbols: 

*For reference it may be useful to sketch your crystal and to give letters to the various forms. If more of these forms are needed, please make pho- 

tocopies. 
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EXERCISE 5 

STEREOGRAPHIC PROJECTION 

PURPOSE OF EXERCISE 

Representation of a three-dimensional object (crystal) 
and its symmetry content ina two-dimensional drawing, 
through stereographic projection. 

BACKGROUND INFORMATION: In previous exer- 
cises you have seen many examples of clinographic 
projections of crystals. At times you have been asked to 
make perspective sketches of crystals similar to these 
clinographic projections. If free-hand sketching is not 
your favorite pastime, you will be glad to know there are 
other ways of presenting three-dimensional information 
about crystals on a two-dimensional page; one such way 
is stereographic projection. A stereographic projection is 
the reduction of a sphere onto a page, by a method in 
which all angular relations that can be defined on a 
sphere are preserved on the page. This is essential for the 
representation of symmetry. You are referred to one of 
several texts for the derivation of a stereographic net (see 
references below) from a spherical representation. Here 
it is assumed that you know how astereographic net was 
constructed, because only if this is clear to you will you 
be able to manipulate the projection of crystal faces and 
directions on a stereographic net. 

A stereographic net of 10-cm radius, which forms the 

basis of all aspects of this exercise, is printed in Fig. 5.1. 
Tear Fig. 5.1 out and mount it on thin poster board. The 
exact center of the net should be pierced, from the back, 

by the sharp point of a thumbtack. This point will func- 
tion as the pivot about which a sheet of tracing paper (as 
an overlay) can be rotated. 

The process of plotting crystallographic orientations 
(of planes and directions) is best illustrated in various 
steps with reference to Fig. 5.2. 

a. Trace the outer circle of the net (called the primitive) 

on the tracing paper. 

b. Make a reference mark at the positive end of the y 
direction (or b axis direction; at the exact “east side” of 

the east-west great circle) of the overlay. This point is 
the o = 0° position. 

c. You may also wish to mark @ = 90°, as well as = -90°, 

at the “south” and “north” poles of the net on the 
overlay, respectively. 

d. You are now ready to plot » and p angles on the 
overlay as given to you from a reference, or as meas- 
ured by you directly using a contact goniometer on a 
crystal model (exercise 6). The » angles are plotted in 

Copyright John Wiley & Sons, Inc. 

clockwise (+) or counterclockwise (-) directions. A 
step-by-step sequence for the plotting of 6 and p 
angles is given in Figs. 5.2a toc. 

e. The assignment in this exercise consists of the plotting 
of already measured $ and p angles. These » and p 

angles represent the poles of specific crystal faces. The 
pole of a face is a direction that is perpendicular to the 
face. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 54-63. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 52-54. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 44-52. 

Smith, J. V., 1982, Geometrical and Structural Crystallography, 
Wiley, New York, pp. 95-108. 

Bloss, F. D., 1971, Crystallography and Crystal Chemistry, Holt, 
Rinehart and Winston, New York, pp. 70-97. 

MATERIALS 

A stereographic net mounted on thin board, translucent 

paper, a thumbtack, a ruler, and a soft pencil. 

ASSIGNMENT 

1. Take the > and the p angles listed in Table 5.1 and plot 
all faces. Figure 5.3 depicts many of the faces you are 
asked to plot. First, on the primitive count from @ = 0° 
to the required number of degrees for @ . Make a mark 
on the tracing paper (count clockwise for positive 
angles, counterclockwise for negative angles). The 

pole of the face, depending on the p value of the face, 
must lie somewhere between the center of the stere- 
onet and the mark you just made for the appropriate 
. To locate the pole, rotate the tracing paper until the 

appropriate mark overlies the east-west line and 
then measure p from the center out. To plot the next 
face return the o = 0° reference mark to the due east 

direction. Keep repeating the foregoing procedure 
until all face poles are plotted. If poles are required for 
faces in the northern as well as southern hemisphere, 

indicate poles in the upper part of the projection by ¢ 
and in the lower part by o (put this o about the ¢). 

2. After all poles for the faces have been marked on your 
tracing, plot the symmetry elements of the point group 
shown in Table 5.1. 

71 



72, EXERCISE 5 

. Subsequently generate the poles of all the other faces 
(e.g., 001, 010, etc.) that must be present on the crystal 
as a result of its symmetry. You will have generated 
forms that consist of sets of symmetrically related 

faces. 

. Mark the position of the a,,a, and c axes and give the 
Miller index for each of the poles on your tracing 
paper. Note that poles that superimpose (for northern 
and southern hemisphere projection) should have 
two sets of Miller indices. Refer to pages 58 and 59 and 
especially Fig. 2.50 in Manual of Mineralogy (1993), for 
a worked example and the final expected results. 

. A very useful feature of a stereographic net is that 
the angular distance between any two points can be 
easily determined. An arc connecting two points is 
always part of a great circle. By rotation of the trac- 
ing paper you can make any two points lie on the 
same great circle, and you can then measure between 

the two poles by counting off the small circles crossed. 

Graphically measure the angles between several 
face poles as requested in Table 5.2. Trace the great 
circle on which each pair of poles lie, and write along 
it the measured angle along the great circle, between 
the poles specified. Report your angular measure- 
ments in Table 5.2. 

. Observe some zonal relationships. A group of crystal 
faces whose intersection edges are parallel are said to define 
azone. Zones are important in revealing the symmetry 

of a group of face poles and in helping to indicate the 
positions of faces that you may have accidentally 
missed in plotting. It follows from the definition of a zone 
that all the faces in a zone lie on the same great circle. The 
zone axis is then the pole to that great circle. In Table 
5.2 you are asked to define several zonal relations. Fill 
out the information requested on the basis of the stere- 
ographic plot. 



EXERCISE 5 
FIGURE 5.1 Stereographic net with a 10-cm radius. 
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FIGURE 5.2 (a) Illustration of the use of a stereographic net 
(mounted on thin board), pierced in its center by a thumbtack 
from the back and overlaid by a somewhat transparent paper 
(tracing paper or onionskin paper). The primitive circle, as well 
as the locations of = 0°, 6 = 90°, @ = - 90°, must always be 
marked on the transparent overlay before any angles are 

Tracing paper 

Thumbtack 

Stereographic net | 
mounted on ——>= 
thin board : 

(a) 

Copyright John Wiley & Sons, Inc. 

STEREOGRAPHIC PROJECTION 75 

plotted. (b) To project the pole of a plane with = 30°, and p = 
60°, we plot the angle $ = 30°, on the primitive (x) ina clockwise 
direction from $ = 0°. (c) The direction, and the angle p = 60°, 
can be measured directly along the vertical great circle. The 
black dot is the pole of the crystal face with 6 = 30°, p = 60°. (This 
is Fig. 2.49 in Manual of Mineralogy, 21st ed., p.60.) 

Ws eS 

(b) 

SAN 

(c) 
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TABLE 5.1 and p Angles for Crystal Forms on 
Hausmannite (MnMn,O,) with Point Group Symmetry 
4/m2/m2/m 

Forms‘ Miller index CV) p 

€ {001} ie (Bye 

a {010} 0° 90° 

m {110} 45° 90° 

p {011} 0° 58°34' 

Ss {013} 0° 28°36' 

n {021} cae Tess 

e {112} 45° 49°10' 

k {121} 26°34' 74°43' 

h {136} 18°26' 40°46 3 ' 
r {123} 26°34' 50°39' 

*See Fig. 5.3 for illustrations of several of these forms. 
SOURCE: Data from Dana's System of Mineralogy, vol. 1, C. Palache, M. 

Berman, and C. Frondel, seventh ed, 1944, Wiley, New York, p. 713. 

FIGURE 5.3 (a, b) Clinographic projections of two different 
hausmannite crystals. (From Dana's System of Mineralogy, vol.1, 
C. Palache, M. Berman, and C. Frondel, seventh ed., 1944, 
Wiley, New York, p. 137.) 



EXERCISE 5 
Student Name 

TABLE 5.2. Report on Results of Angular Measurements, Zone Axes, and Number 
of Faces per Form, Using the Stereographic Projection of the Data in Table 5.1 

A. Angular Measurements Between Face Poles 

(001) A (021) I 

(013) A (011) 

C2) As 010)e= 

(021) A (121) 

(136) A (112) 

(011) A (123) 

(201) A (211) 

B. Zone Axes, Given $ and p Angles 

(001), (013), (011), (021), (010) define » = ,?P 

(001), (112), (110) define 6 = ,?P 

(021), (121), (100) define 6 = ni(® 

C. Forms, Their Total Number of Faces, and Their Type 

Form Number of Faces Special(S) or General(G) 

c, {001} 

a, {010} 

e, {112} 

in US); 

n, {136} 

en KK 
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EXERCISE 6 

CONTACT GONIOMETER MEASUREMENTS OF INTERFACIAL 
ANGLES AND THEIR STEREOGRAPHIC PROJECTIONS 

PURPOSE OF EXERCISE 

Transferring the information on symmetry, forms, and 
interfacial angles—as expressed by the morphology of a 
crystal—into a two-dimensional representation (projec- 
tion) that reveals true symmetry. In such a representa- 

tion all directions and symmetry elements pass through 
a point. This, then, leads to the graphical representation 
of point groups (crystal classes). 

BACKGROUND INFORMATION: This assignment is 
a sequel to exercises 4 and 5. Manipulation of a stereogra- 
phic net (as discussed in exercise 5) is a skill that you 
must acquire before you can tackle this assignment. The 
indexing of crystal faces (discussed in exercise 4) is 
required in order to identify the specific crystal face that 
you are plotting on the stereographic net. 

Exercise 5 provided a table of carefully measured 6 
and p angles for a specific crystal; these measurements 
were obtained originally using an optical instrument 
knownasa reflecting goniometer (see Figs. 1.5d and 2.40, 
Manual of Mineralogy, 21st ed., 1993). Because such angu- 
lar measurements can be derived with high precision, 

the data for @ and p angles are usually reported in terms 
of degrees, minutes, and seconds of degrees. The @ and 
p angles are generally obtained from small, well-formed 
crystals (ranging from several centimeters to millimeters 
in size) and require considerable skill in the operation of 
a reflecting goniometer. 

A much simpler, but also much less accurate, meas- 

urement technique is using a contact goniometer on large 
crystals or on wooden (or plaster) models of crystals. 
They should be big enough to hold easily and to allow 
alignment of a specific set of faces against the moving 
arm of the measuring device. A contact goniometer and 
the angle it measures—the interfacial angle—are shown 
in Fig. 6.1. The interfacial angle as shown in Fig. 6.1bis the 
angle between the poles (perpendiculars) to the two faces 
in question (the angle between the two faces being 180° 
— 40° = 140°). As such the 40° angle measured by the 
contact goniometer equals the interfacial angle, which is 
the supplemental angle to 140°. 

If you are given (or have selected) a crystal (model) 
with well-developed (001) and (010) faces, you can refer 
all your measurements of other faces on the crystal to 
(010), for which = 0, and to (001), for which p = 0. As 
such you could tabulate your measurement results in 
terms of ¢ and p, but this generally is not the most 
practical way to measure and record angular measure- 

Copyright John Wiley & Sons, Inc. 

ments on crystals. Rather, it is simpler to measure and 
plot a new pole from some previously plotted pole. 

As an example, let us make interfacial angle measure- 
ments on the orthorhombic crystal of olivine shown in 
Fig. 6.2a. Its overall symmetry is 2/m2/m2/m. The coor- 
dinate axes (a, b, and c) are chosen accordingly (see Table 
3.3). In the upper right octant of the crystal (where a, b, 

and c are all positive) the only face that intersects all three 
axes is the inclined triangular face that is selected as the 
unit face (111). The Miller indices for all other faces (they 
are given only for the positive octant) follow from the 
selection of the inclined face as (111). The face (100) is 
perpendicular to a; (010) is perpendicular to b; (001) is 
perpendicular to c; (110) cuts a and b and is parallel toc, 
etc. Notice that the inclined face that cuts b and c, and is 

parallel to a, is given the index (021). This Miller index is 
the result of noting that the b intercept of this inclined 
plane is half the distance along b of the b intercept of the 
(111) plane. 

Once you have a clear picture of all that is depicted in 
Fig. 6.2a, you can go ahead with the measurement and 
plotting of interfacial angles. Figure 6.2b shows a partial 
vertical (b-c) section of the crystal in (a). The angles that 
one measures in this section with a contact goniometer 
are the 49° interfacial angle between (001) and (021) and 
the 41° interfacial angle between (021) and (010). Similar 
measurements can be made in the vertical a—c section for 
angles between (001) and (101) and/or (101) and (100). 

The (001) A (101) angle turns out to be 51°, and the (100) 

A (101) angle 39°. In a horizontal section the (010) A (110) 
angle can be measured as 65°, and the (110) A (100) angle 

as 25°. We have now measured all interfacial angles in 
the positive octant except for the angle between, for 
example, (001) and (111). This turns out to be 55°, meas- 
ured along a vertical section perpendicular to (110) at a 

of 65° [the 65° angle for (010) A (100)]. Figure 6.2c shows 
the plotted positions of the above angles in the positive 
octant of the crystal in Fig. 2.6a. After all the symmetry 
elements in 2/m2/m2/m have been plotted on the same 

stereographic net, the poles to all the other faces on the 

crystal can now be generated (by the symmetry ele- 
ments) instead of continuing to measure the position of 
the remaining faces with a contact goniometer. Figure 
6.2d shows the location of all face poles and the Miller 
indices of faces only in the upper half (+c) of the crystal. 
The negative indices are omitted for reasons of clarity. As 
such, Fig. 6.2d is the completed stereographic projection 
of the clinographic representation of the orthorhombic 
crystal in Fig. 6.22. 

72 



80 EXERCISE 6 

FIGURE 6.1 (a) Contact goniometer. (b) Schematic enlarge- 
ment of part a, showing the measurement of the internal angle 

a. (From Manual of Mineralogy, 21st ed., p. 54.) 
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FIGURE 6.2 (a) Orthorhombic crystal showing various forms. 
(b) Partial vertical cross section (along b-c). (c) Some interfacial 
angles plotted in the upper right positive octant. (d) A complete 
stereographic projection of the crystal in part a, with Miller 
indices for the upper half only. 
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82 EXERCISE 6 

Let us briefly look at some possible complications in 

the measurement and plotting of interfacial angles for 

crystals (a) without the development of (001), with p = OF 

and/or (010), with = 0°, and (b) with monoclinic sym- 

metry (and therefore a nonorthogonal system of coordi- 

nate axes). 

a. Figure 6.3a shows an orthorhombic mineral (antler- 

ite), which lacks (010) as well as (001). The Miller indices 

for faces in the upper octant are shown. The small face (r) 

is the only one that cuts all three axes (a, b, and c) and as 

such is designated as (111). It is really very simple to plot 

the faces of the major forms on this crystal even though 

two reference faces such as (010) and (001) are missing. 
Figure 6.3b shows a horizontal cross section (an a-b 
section) of the crystal in Fig. 6.3a, as well as the interfacial 
angle for (110) A (110), which turns out to be 110°. Half 
this angle is the @ angle for (110) at 55°, which can be 
plotted in the positive (clockwise) direction from 6 = 0° 
(= b axis). This is equivalent to subtending the complete 
110° angle symmetrically about the b axis; this then plots 
the poles of (110) as well as (110). Similarly, we can look 
at the crystal in Fig. 6.3a in a vertical (b-c section) and 
measure the interfacial angle between (011) and (011), 

which turns out to be 53°. Half this angle (26°30') is the p 
angle of (011). The only face left to plot in the upper right 
quadrantis (111). Ithas thesame angle as (110) (all faces 
with the same h and k in their indices have the same 6 

angle), and although we cannot measure its @ angle, we 

can measure its complement, that is, the interfacial angle 
between (110) and (111). This angle is found to be 48°30". 
Turn the projection so that the pole of (110) lies at the end 
of a vertical great circle (e.g., along the east-west diame- 
ter of the net) and plot the pole of (111) 48; ° in from the 
primitive. Turn the overlay back to the zero position and 
trace a great circle through the pole of (011). As would be 
expected, this great circle also passes through the pole of 
(111) (see Fig. 6.3c). 

An alternative way for the plotting of the pole of (111) 

is as follows. Measure the interfacial angle (111) A (111) 
= 53°. Half this angle is 265°, the same as the p angle of 

(011). Face (111) therefore must lie on the great circle 
drawn through the pole (011) in the position > = 0. 

Measure (011) A (111) = about 32°. Count 32° forward on 
this great circle to locate the pole of (111) (see Fig. 6.3c). 

If you have difficulty with great circles, you should 
consult any of the references in exercise 4. However, let 
us review some aspects of zones and great circles. Any 
two faces determine a zone, and a great circle can be 
drawn between their poles. Poles of faces with k and | of 
their indices the same, for example, (011), (111), (211), 

and so on all lie in a zone. Similarly, poles of faces with 
h and | of their indices the same lie in a zone. In orthogo- 
nal systems all faces with the sameh and k of their indices 
have the same 9 and lie in a horizontal zone with their 

poles on a vertical great circle. 

All the faces in the positive octant are now located, 

and when the 2/m2/m2/m symmetry is taken into ac- 

count, all other faces in the other seven octants can be 

generated. A final stereographic projection of all faces in 

this antlerite crystal is given in Fig. 6.3d. 

b. Figure 6.4a shows a monoclinic crystal of the pyrox- 

ene jadeite with symmetry 2/m. Monoclinic symmetry 

demands that the coordinate axes are not all at 90° to each 

other. There is a B angle (in this case of 107°) between the 

+ends ofaandc. The inclination of ais determined by the 

angle the well-developed (001) plane makes with +c. The 

(001) plane is parallel to thea and b axes. This plane is not 

normal to c in the monoclinic and triclinic systems. This 

is shown in the a-¢ cross section of the crystal in Fig. 6.4b. 

This figure also shows that, in such a nonorthogonal 

crystal, the pole to the (001) face is not the same as the 

direction of the c axis; indeed the two directions differ by 

17° (107° — 90° = 17°) 
The following interfacial angles have been determined: 

(100) A (110) = 44° 

(100) A (001) = 73° 

(100) A (101) = 76° 

Plotted on the primitive in Fig. 6.4c are the poles of 
(010) at d =0°; (100) at d = 90°; and (110) at =44°. Because 
(001) and (100) lie in the same zone, with o = 90°, the pole 

of (001) can be plotted 73° in from the primitive along the 
north-south vertical great circle [p (001) = 90° — 73° = 
17°]. In like manner the pole of (101), which lies in the 

same zone but with o = — 90°, can be plotted 76° in from 

the primitive along the north-south vertical great circle 
[p (101) = 90° — 76° = 14°]. 

The only other information that is needed and is not 
immediately obvious is the location of the a axis and its 
piercing points through the equatorial plane (as in a 
spherical projection). Because by convention the + end of 
the a axis dips below the equatorial plane in a sphere (see 
Fig. 6.4b) and the — end of a is inclined above this equa- 
torial reference plane, the ends of this axis (be it + or —) 

will plot 17° [as defined by the (001) face] inward from 

the circumference (from 107° — 90° = 17°). The + end is 
conventionally shown by a small circle, and the — end by 
a solid dot, analogous to the convention used for faces at 
the top (¢) and faces at the bottom (c ) ofa crystal. These 

piercing points for the a axis are located in Fig. 6.4c. A 
complete stereogram generated by the 2/m symmetry 
acting on the faces already plotted in Fig. 6.4c is shownin 
Fig. 6.4d. (For further discussion of projecting mono- 
clinic crystals, as well as a complete example of such a 
projection, see Manual of Mineralogy, 21st ed., pp. 53-63.) 

REFERENCES 

Klein, C., and Hurlbut, C. S. Jr., Manual of Mineralogy, 21st ed., 
Wiley, New York pp. 53-63. 
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FIGURE 6.3 (a) Orthorhombic crystal showing various forms. 
(b) Partial horizontal cross section (along a—b). (c) Projection of 
some face poles on the basis of interfacial angles; see text for 
discussion. (d) A complete stereographic projection of the 
crystal in part a, with Miller indices for the upper half only. 
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84 EXERCISE 6 

(d) Acompletestereographic projection of the crystal in
 part (a), 

FIGURE 6.4 (a) Monoclinic crystal with various forms. (b) 
with Miller indices for all faces. 

Vertical cross section (along a-c). (c) Some interfacial angles 

plotted in the upper half of the crystal; see text for discussion. 
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CONTACT GONIOMETER MEASUREMENTS OF INTERFACIAL ANGLES AND THEIR STEREOGRAPHIC PROJECTIONS 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 
York, pp. 32-34. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 
2nd ed., Freeman, San Francisco, pp. 44-53. 

Smith, J. V., 1982, Geometrical and Structural Crystallography, 
Wiley, New York, pp. 95-108. 

Bloss, F. D., 1971, Crystallography and Crystal Chemistry, Holt, 
Rinehart and Winston, New York, pp. 70-97. 

MATERIALS 

A stereographic net mounted on thin board (see exercise 
5), translucent paper, a thumbtack, a’ruler, a soft pencil, 
and a contact goniometer; also one or several wooden (or 
plaster) models of crystals. If such models are not avail- 
able, you can use the paper cutout models from exercise 
2 provided you were indeed careful in their construction. 
If a contact goniometer is not available, you can impro- 
vise by using a protractor and a separate plastic ruler. 

ASSIGNMENT 

1. Placeasheet of tracing paper on the top of the mounted 
stereonet and keep it in place with the aid of a thumb- 
tack (in the exact center of the net and pierced from the 
back of the net). This allows for rotation of the tracing 
paper about the center of the net. 

2. Trace the outer circle of the net on the tracing paper. 

3. Make a reference mark at $ = 0°, that is, the positive 

end of the y direction (or b axis), on the east side of the 
east-west great circle. 

4. Determine the overall symmetry (point group) of the 
crystal model you selected. Identify the symmetry 
elements and plot them on the stereonet. 

5. Select coordinate axes in accordance with the symme- 
try (see Table 3.3). 

10. 

11. 

12. 

13. 
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Orient your crystal with thec axis vertical, b east-west, 
and a toward you. 

Make contact goniometric measurements of the most 
obvious faces in the upper right-hand part of the 
crystal. Measure your interfacial angles with respect 
to (010) and (100) if these are present. If these are 
lacking, interfacial angles must be measured and 

plotted somewhat differently (see the “background 
information”). 
In making measurements of interfacial angles be- 
tween two crystal faces, you must hold the protractor 
plate at right angles to the edge between faces and normal 
to both faces! It may be helpful to hold the crystal with 
the contact goniometer in place, toward a light source 
(window or lamp). When the edges of the protractor 
plate and the ruler are in good contact with the crystal 
faces, all light (depending on the smoothness of the 
faces) will be cut out. 

Plot the angles and their face poles for faces in the 
upper half, quarter, or octant of the crystal on the 
stereographic net. 

Identify these faces with their Miller indices. 

Generate all the remaining faces of the crystal in 
projection by letting the symmetry elements (located 
earlier on the stereonet) act upon the faces already 
plotted (in the positive octant). 

Give Miller indices to all face poles so generated. 

Make sure the elements of symmetry and the coordi- 
nate axes are well identified on your stereonet. Once 
this is done, the assignment for a specific crystal has 
been completed. 

If there are additional crystals to be projected, work 
through points 1 through 12 for each. 



EXERCISE 7 

DEVELOPMENT OF THE {111} OR {1121} FORM IN SEVERAL 

POINT GROUP SYMMETRIES 

PURPOSE OF EXERCISE 

Further understanding of the interdependence of form 

and point group symmetry (crystal class). 

BACKGROUND INFORMATION: This exercise will 

draw on materials presented in exercise 2 (symmetry 

elements and their combinations), exercise 3 (recogni- 

tion of some of the common crystal forms), and exercise 

5 (stereographic projection). As such, no new concepts 

will be introduced. 

This assignment will develop further understanding 

of the relationship of crystal symmetry (ranging from 

low, as in the triclinic system, to high, as in the isometric 

system) to the shape and complexity of a form. See Fig. 

7.1 forarésumé of stereograms of the symmetry contents 

of the 32 point groups. In these diagrams the points 

represent the face poles of the general form. 

REFERENCES 

Klein, C.,and Hurlbut, C. S. Jr., 1993, Manual of Mineralogy, 21st 

ed., Wiley, New York, pp. 63-101. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 52-62, and especially pp. 471-480. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 60-95 (especially the 

stereograms for each crystal class). 

MATERIALS 

The various pages that compose Fig. 7.2, ruler, protrac- 
tor, and soft pencil. (Because in this exercise specific 
angular measurements are not given or required, a stere- 
ographic net is not needed; however, the general concept 
of stereographic projection of face poles is basic to this 
exercise.) 

ASSIGNMENT 
1. Using the various pages that compose Fig. 7.2, begin- 

ning with stereogram 1, plot the total symmetry con- 
tent of the point group onto the equatorial circle of the 
stereogram. Use standard graphicalsymbols as shown 
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in Fig. 7.1. Please refer back to Table3.3 for the various 

conventions implied by the Hermann—Mauguin nota- 

tion. 

2. Locate coordinate axes, and label them clearly on the 

stereogram. 

3. Locate a (111) face in the upper right front octant of the 

stereogram, and on the basis of the symmetry ele- 

ments already plotted, develop the complete {111} 

form. 

. Index all face poles in the stereogram. 

. List the number of faces comprising the form. 

. State whether the form is open or closed. 

. Is this a special or a general form? 

oN DA OF . Give the form name (see Fig. 3.1, or any of the refer- 

ences listed). 

9. Do this sequentially for all entries (1 through 14). 

For the hexagonal point groups (8 through 11) the 
Miller index for the face that cuts three of the four 
coordinate axes at unity (and the remaining axis at 
— 5) is (1121). In these three hexagonal point group as- 
signments you will, therefore, develop the {1121} form 

instead of the {111} form as in the other five crystal 

systems. 

In isometric point group assignments (12 through 
14), you may find it helpful to use the stereonet (from 
exercise 5) to locate a number of the inclined symme- 
try elements (mirror planes, as well as 3- and 2-fold 
rotation axes). On the stereographic net locate the 
planes at 45° to the a,,a,, and a, axes (on great circles), 

which contain the 3 axes at the intersection points of 
pairs of such inclined mirror planes, and four of the 2- 

fold rotation axes along the intersections of these 
inclined planes and vertical (axial) sections (see Figs. 

2.16 and 2.101, Manual of Mineralogy, 21st ed.). Trans- 

fer the stereonet information to the smaller circles on 
the assignment pages. 

NOTE: The {111} form can be the same form as {hkl} in the 
triclinic, monoclinic, and orthorhombic systems. However, 

in the tetragonal, hexagonal, and isometric systems the {111} 

and (hkl) differ from each other. 

Copyright John Wiley & Sons, Inc. 



FIGURE 7.1 Graphical representation of the distribution of 
motif units compatible with the symmetry elements of each of 
the 32 crystal classes (point groups). The points (representing 
possible motif units) in these diagrams are equivalent to the 
face poles of the general forms. For all crystal classes, excepting 
the triclinic, there are two circular diagrams, with the left-hand 

diagram showing the distribution of motif units (equivalent to 
face poles of the general form), and the right-hand diagram 
illustrating the symmetry elements consistent with these motif 
units (or poles). The motif units above the page are equivalent 
to those below the page, but they are differentiated by dots 
(above the page) and circles (below the page). The symbols for 

Written symbols sale 

‘1(=center) 

2(=m) 

3 (=3 plus center) 

Motif above page « 

Motif below page © 

Triclinic 

Monoclinic 

2/m2/m2/m 

the symmetry elements are given at the top left corner of the 
diagram. The presence of a center of symmetry, is not shown by 
any symbol, its presence can be deduced by the arrangement of 
motif units. Instead of 2 the symbol for a mirror (m) is used. 
The diagrams for the monoclinic system are shown in what 
crystallographers refer to as the “second setting,” with m 
vertical (perpendicular to the page) and the 2-fold axis in an 
east-west location. Monoclinicsymmetry can also be shown by 
setting the 2-fold rotation axis perpendicular to the page, and 
orienting the mirror parallel to the page; this is referred toas the 
“first setting.” (From Manual of Mineralogy, 21st ed., pp. 33-34.) 

Tetragonal 

© 
4/ 

A/m2/m2/m 
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FIGURE 7.1 (continued) 

Isometric Hexagonal 

4/m32/m 

6/m 2/m2/m 

Copyright John Wiley & Sons, Inc. 



EXERCISE 7 
Student Name 

FIGURE 7.2 Stereographic assignments 

1: m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

2: 2/m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Sh warded 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 7 
Student Name 

FIGURE 7.2 (continued) 

4: 2/m2m2/m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

5: 42m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

6: 4/m2/m2/m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 7 
Student Name 

FIGURE 7.2 (continued) 

7: 4/m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

8: 6mm 

Plot (1121) to develop {1121} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

9: 6/m 

Plot (1121) to develop {1121} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 7 
FIGURE 7.2 (continued) 

10: 

11: 

12: 

32/m 

Plot (1121) to develop {1121} form 
Number of faces: 

Open or closed: 

Special or general: 

Name: 

6m2 

Plot (1121) to develop {1121} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

23 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Copyright John Wiley & Sons, Inc. 

Student Name 
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EXERCISE 7 
FIGURE 7.2 (continued) 

13: 432 

14: 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

4/m32/m 

Plot (111) to develop {111} form 

Number of faces: 

Open or closed: 

Special or general: 

Name: 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 8 

DEVELOPMENT OF ADDITIONAL FORMS ON THE BASIS OF 

MILLER INDEX AND POINT GROUP SYMMETRY 

PURPOSE OF EXERCISE 

Further integration of your knowledge of symmetry 
elements (and point groups), coordinate axes, stereogra- 
phic projection, Miller index notation, and form devel- 

opment. 

BACKGROUND INFORMATION: Again, as in exer- 

cise 7, no new concepts need to be introduced. Here the 

goal is to integrate your understanding of point group 
symmetry, stereographic projection, Miller index nota- 
tion, and form development in a more general way than 
in the previous exercise. You will need to draw upon 
your knowledge of materials in exercise 2 (symmetry 
elements and their combinations), exercise 3 (recogni- 

tion of the most common crystal forms), exercise 5 (stere- 
ographic projection), and exercise 7 (development of the 
{111} form). 

REFERENCES 

Klein, C.,and Hurlbut, C. 5S. Jr., 1993, Manual of Mineralogy, 21st 

ed., Wiley, New York, pp. 66-100 (especially the stere- 
ograms for each crystal class). 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 52-62, and especially pp. 471-480. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 60-95 (especially the 
stereograms for each crystal class). 

MATERIALS 

The four pages of Fig. 8.1, ruler, protractor, and soft 

pencil. A stereographic net is not specifically required, 

Copyright John Wiley & Sons, Inc. 

although you may wish to refer to one (in exercise 5) for 
specific angular relationships. 

ASSIGNMENT 

1. Using the four pages of Fig. 8.1, beginning with entry 

la, plot the total symmetry content of the specific 
point group onto the equatorial circle of the stere- 
ogram. Use standard graphical symbols as shown in 
Fig. 7.1, and refer to Table 3.3 for the various conven- 
tions implied by the Hermann—Mauguin notation. 

2. Locate coordinate axes and label them clearly on the 
stereogram. 

3. For each of the four selected point groups plot three 
forms ({010}, {110}, and {hkl}; or {1010}, {1011}, and 

{hkil} (in the hexagonal system), by plotting one face in 
the positive octant of the coordinate system, and 
generating all other faces on the basis of the symme- 
try elements already plotted. 

4. For the sake of clarity, each individual form should be 
plotted on a separate stereogram circle. 

5. Index only the face poles that belong to the upper half 
of the crystal. (Doing more would unnecessarily clut- 
ter the stereogram.) 

6. List the number of faces making up the form. 

7. State whether the form is open or closed. 

8. Give the form name (see Fig. 3.1, or any of the refer- 
ences listed). 
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EXERCISE 8 
FIGURE 8.1 Stereographic assignments 

la: Form {010} 

Number of faces: 

Open or closed: 

Name: 

1b: Form {110} 

Number of faces: 

Open or closed: 

Name: 

1c: Form {hkl}, i.e., general form 

Number of faces: 

Open or closed: 

Name: 

Copyright John Wiley & Sons, Inc. 

Student Name 
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EXERCISE 8 
FIGURE 8.1 (continued) 

Student Name 

2/m2/m2/m 

2a: Form {010} 

Number of faces: 

Open or closed: 

Name: 

2b: Form {110} 

Number of faces: 

Open or closed: 

Name: 

2c: Form {hkl}, i.e., general form 

Number of faces: 

Open or closed: 

Name: 

Copyright John Wiley & Sons, Inc. 103 
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EXERCISE 8 
FIGURE 8.1 (continued) 

Student Name 

6/m2/m2/m 

3a: Form {1010} 

Number of faces: 

Open or closed: 

Name: 

3b: Form {1011} 

Number of faces: 

Open or closed: 

Name: 

3c: Form {hkil}, i.e., general form 

Number of faces: 

Open or closed: 

Name: 

Copyright John Wiley & Sons, Inc. 
105 
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EXERCISE 8 
FIGURE 8.1 (continued) 

4a: Form {010} 

Number of faces: 

Open or closed: 

Name: 

4b: Form {110} 

Number of faces: 

4/m32/m 

Open or closed: 

Name: 

4c: Form {hkl}, i.e., general form 

Number of faces: 

Open or closed: 

Name: 

Copyright John Wiley & Sons, Inc. 

Student Name 

107 
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EXERCISE 9 

AXIAL RATIO CALCULATIONS 

PURPOSE OF EXERCISE 

To gain familiarity with axial ratios (1) by determining 
them graphically from stereographic projections, (2) by 
determining them trigonometrically from@ and p angles, 
and (3) by using them to plot faces ona stereographic net. 

BACKGROUND INFORMATION: Axial ratios express 
the relative length(s) of one or two coordinate axes with 
respect to an axis whose length is taken to be unity (= 1). 
For example, the orthorhombic (2/m2/m2/m) mineral 

barite has the axial ratios of a: b: c= 1.627: 1: 1.310. It is 
standard procedure to take the length of the b axis as 
unity and to express the relative lengths of the a and c 
axes with respect to b axis = 1. In barite the relative length 
of the a axis is 1.63 times that of b, whereas c is 1.31 times 

that of b. This example is for an orthorhombic mineral, 
and it should be noted that a ratio of axes cannot be given 
in the isometric system, for in this system all three axes 
are by definition the same length. In the tetragonal and 
hexagonal systems, the ratio is given between the two 
axes of different lengths, a and c. In the orthorhombic 

system, as noted, the ratios are a: b (= 1): c. In the 

nonorthogonal systems, monoclinic and triclinic, the 

ratios are defined as for orthorhombic, but the values for 

the nonorthogonal angles are given as well. The follow- 
ing are examples. 

:¢ = 1: 0.906 (for zircon) Tetragonal: a 

Hexagonal: a:c=1:0.996 (for beryl) 

a 

a 

Orthorhombic: :b:c=0.993: 1: 0.340 (for stibnite) 

Monoclinic: t= 0bO 3s) ono.) = lip ou: 

(for orthoclase) 

Be Ue H03041 0.509) 0.= 94-207 

B = 116°34', y = 87°39' (for albite) 

As should be clear from this listing, any graphical or 
trigonometric calculation of axial ratios in nonorthog- 
onal systems is a great deal more involved (because of 
the B, or the a, B, and y angles) than in orthogonal sys- 

tems. In order to convey the principles that underlie axial 

ratios, examples and assignments in this exercise will be 

restricted to orthogonal systems. 

By now you should be asking “Where do such ratios 

come from?” Prior to the discovery of X-rays and the 

subsequent application in 1912 of X-ray techniques to the 

study of crystal structures, axial ratios were determined 

by crystallographers using optical goniometers for the 

measurements of the angular coordinates of face poles. 

Now X-ray diffraction techniques are always used to 

measure the absolute (not the relative) lengths of coordi- 

nate axes. An X-ray study of sulfur in 1960 reported 

Triclinic: 

Copyright John Wiley & Sons, Inc. 

measurements of a = 10.47 A, b = 12.87 A, andc = 24.49 A 
When these direct measurements are used to determine 

the ratios, as follows; a/b : b/b = 1: c/b, they result in 

0.8135: 1: 1.9029. These numbers are in remarkably close 

agreement with the axial ratios reported in 1869 for the 
mineral sulfur: a: b : c = 0.8131 : 1: 1.9034. 

a. A worked example for determining axial ratios gra- 
phically, using stereographic projection. For graphical 
construction based on the stereogram, a circle of any 
radius representing the primitive may be used, but to 
reduce the overall size of the construction it should be 
relatively small. Used here is a circle of 1-inch radius in 
conjunction with inch graph paper. Thus the units of 
circle radius and graph paper are the same. The smallest 
unit on the graph paper that can be read directly is 0.1 
inch. 

This example applies to orthorhombic minerals and is 
based on the interfacial angle measurements of the 
mineral barite (point group: 2/m/2/m/2m), which are 

(100) A (110) = 58°28' 
(010) A (210) = 50°49" 
(100) A (310) = 28°31' 

(001) A (011) = 52°43' 
(001) A (101) = 38°51' 

(COOIAI1)= 57701: 

Figure 9.1 is a clinographic projection of a barite 
crystal that shows several of the faces we will be plotting. 
This figure also lists the equivalence of form letters and 
their Miller indices. 

FIGURE 9.1 Clinographic projection of a barite crystal with 
various forms. Several of the faces of these forms are used in the 

calculations in Fig. 9.2. 

aaa OO} 
m = {110} 
dX = {210} 
o = {011} 
fos ly 
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110 EXERCISE 9 

In Fig. 9.2, using a protractor, we locate the poles of 

(110), (210), (310), (100), and (010) on the circles. In Fig. 

9.2a a tangent is drawn to the circle at the pole of (110)— 
this tangent is parallel to the trace of the (110) crystal face. 
The tangent cuts the a axis at A and the b axis at B. The 
axial ratio a: b = OA: OB, for the (110) pole, can be 

measured as 19.5: 12.0 on the graph paper (see Fig. 9.22). 
Dividing by 12.0, gives an axial ratio statement ofa: b= 

L625 133 
In Fig. 9.2b the interfacial angle (010) A (210) = 50°49" 

is plotted as well as the (210) pole. At this point a tangent 
is drawn to the circle. This tangent cuts the a axis at A’ 
(distance = 13.0 divisions) and the b axis at B’ (distance = 

16.0 divisions). Because a : b=h (OA’): k (OB’), the h and 
k of the (210) pole must be considered. Withh = 2, and k 

= 1 factored in, the ratio a : b = 26.0: 16.0 becomes 1.625 
: 1 when both numbers are divided by 16.0 (thus setting 

b=1). 
A third example of an (hk0) face is given in Fig. 9.2c. 

The pole of (310) is plotted with reference to (100); the 
interfacial angle is 28°31'. The tangent to the circle cuts 
thea axis at 11.5 units (at OA”) and the b axis at 21.2 units 
(at OB”). Using these unit distances, and also consider- 
ing thath =3 and k=1 in (310), we find that the measured 

a:b=34.5:21.2, whichreduces toa:b=1.627:1. Wenow 

have three statements for the ratioa : b, namely 1.625: 1; 

1.625: 1;and 1.627:1. The average for these isa: b = 1.63:1. 
Clearly all three statements in Figs. 9.2a, b, and c 

should have been the same; that is, 1.630: 1, as published 

for barite. The small variations and deviations are due to 
the imprecision of plotting angles and tangents on a 
small scale. A 10-cm circle using a centimeter graph 
paper would have been more precise, but it was not used 
in order to allow for three constructions on one page. 

The interfacial angles (001) A (011) = 52°43' and (001) 
A (101) = 38°51' can be used to obtain b:c, anda :c ratios 
respectively. Figures 9.2d and e show constructions for 
these face poles and interfacial angles, similar to those 
shown in Figs. 9.24, b, and c. However, here the sections 

are vertical, in contrast to the horizontal views of Figs. 

9.2a, b, and c. In Fig. 9.2d the graphical plot of the (011) 
face leads to anaxial ratio for b:c=1:1.32. Using this ratio 
of b: c and combining it with the average of earlier 
obtained ratios of a: b= 1.63, we have the complete axial 

ratio statement for barite, which is 

m2? @= 14832 1 2 1B. 

Figure 9.2e illustrates how ana-c section and the inter- 

facial angle for (001) A (101) = 38°51' allow for an inde- 
pendently obtained a : c ratio. Clearly, this ratio,a:c=1 
: 0.81, is in agreement with the foregoing complete axial 

ratio statement (1.32/1.63 = 0.81). 

* Note also that the angle OBA = 58°28' and that tan 58°28' =a/b. Thus 
the a/b ratio can be determined trigonometrically as well. The tangent 
of 58°28' = 1.6297 (which rounds off to 1.63). 

It is of interest to compare the axial ratio statement, as 

obtained graphically from interfacial angle measure- 

ments, with the directly measured lengths for a, b, and c 

axes (of barite), as obtained by X-ray diffraction tech- 

niques. Such measurements give a = 8.87 A;b=5.45 A; 

and c = 7.14 A. When these direct measurements are 

expressed as ratios with respect to b, they result ina: b: 

c = 1.6275: 1: 1.3101. Our results are in good agreement 

with these published values. 

We could have obtained a complete axial ratio state- 

ment for the mineral barite by using interfacial angle 
measurements for just one face, namely a (hkl)-type face. 
Here follows an illustration of the derivation of axial 
ratios based on the measurement of a (111) face. Earlier 
it was noted that (001) A (111) = 57°01’; this is the p angle 
of (111). We also need a o angle for (111). The required > 

angle can be obtained from the measurement for the 
(110) face (see also Fig. 9.22). Because (110) and (111) [as 
well as (001)] define the same zonal direction, as shown 

by the parallel edges of their intersections, their face 
poles will lie on the same great circle in a stereographic 

projection. All three poles lie on a vertical great circle 
withg = 31°32’. In Fig. 9.24 the angle (100) A (110) = 58°28' 
was given. The $ angle for (110) = 90° - 58°28' = 31°32’. 

Therefore, for (111), 6 =31°32' and p = 57°01'. We have 
already measured the a : b ratio as based on angular 
measurements of (110). This is illustrated in Fig. 9.3a. In 
Fig. 9.3a the poles of (110), (111), and (001) are plotted on 
the same vertical great circle. In order to locate the r of 
(111) on this diagram, we need first to locate the r angle 

ona standard stereographicnet—for example, withradius 
= 10 cm—and subsequently to transfer the distance 
between face poles (001) and (111), properly scaled to the 
smaller circle. The p angle is 57°01', which is 57° for all 

practical purposes and measures at 5.5 cm from the 
origin on a stereographic net with a 10-cm radius. This 
distance is scaled as 0.55 times 1 inch on the circle of 1- 
inch radius in Fig. 9.3a. The location of (110) gave rise to 
the unit measurements of a: b = 19.5: 12.0. 

For clarity of illustration, the face pole of (111) is 
shown in a vertical section in Fig. 9.3b. This vertical 
section is taken along the line of the trace of the great 
circle shown in Fig. 9.3a (along OT). The p of (111) is 
97°01’, whichallows for the location of the (111) face pole, 
and the trace of the (111) face as a tangent to the vertical 
great circle. This tangential plane intersects the vertical 
(+) end of c at 18.0 units and the horizontal OT trace at 
11.8 units. This gives a relative c : OT ratio of 1.52. 
However, to be able to compare this ratio directly with 
the measurements already obtained in Fig. 9.34, one 
must keep the horizontal distance from the origin (O) to 
the face pole of (110) the same in both illustrations (Figs. 
9.3a and b). Therefore, after having located the face pole 
of (110) on the trace of OT in Fig. 9.3b, a plane parallel to 
the tangent face is drawn through the face pole of (110). 
Now the distances from the origin to (110) are identical 
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112 EXERCISE 9 

FIGURE 9.2 (continued) 
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AXIAL RATIO CALCULATIONS 

FIGURE 9.3 Graphical determination of axial ratios. See text for discussion. 
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Scale 

Position of (110) resulted in 
Gabe=19)5e 20 
(see Fig. 9.2a). 

Pole of (111) is located, 
on the one vertical 
great circle shown, at 
() = By/ol”, 

Pole of (111) is plotted in 
a vertical section on the 
basis of p = 57°01’. 

The tangent to the 
circle is the trace of (111). 
However, in order to 
keep the same scale 
as in part a, draw 
a plane parallel to the 
tangent plane, through 
the pole of 110. 

This results in the unit measurements of 
Aeon ce=19) Seal ZOOS 
which in turn results in 
aucbiscl=sl 621 eel 32 
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114 _ EXERCISE 9 

in both drawings. The only question remaining is, “Where 
does the properly oriented (111) face intersect c?” That 
distance turns out to be 15.8 units (see Fig. 9.30). 

We can now state the relative lengths of the axes, on 
the basis of our graphical plot of (111), asa: b:c=19.5: 
12.0 : 15.8, which, when we set b = 1 (by dividing all 
numbers by 12), results ina: b:c = 1.62: 1: 1.32. This is 

the same as we had earlier, within graphical limits of 
error. 

Any other (hkl) could have been chosen. For example, 
if d and p measurements are available for a face such as 

(241), one would proceed as follows. Locate the (240) 
position, whether it is present on the crystal or not, on the 
basis of . Subsequently, locate the (241) pole ina vertical 
section as based on the p angle, as in Fig. 9.3b. Measure 
all relative lengths in graph units. This would result ina 
:b:c=x units (OA): y units (OB):z units (OC). But because 
of the Miller index of 241, the correcta: b:c=h(OA units): 

k (OB units) : / (OC units). This then would result ina : b 
:¢=2(OA units) : 4 (OB units) : 1 (OC units), which yields 
the correct axial ratio statement for an orthorhombic 
mineral on the basis of a (241) face. 

b. A worked example for determining axial ratios by 
trigonometry, on the basis of ¢ and p angles. This ex- 
ample will also apply to an orthorhombic mineral, and 
for ease of comparison with the results obtained by 
graphical means, it will again be based on measurements 
of faces on barite. 

Forms 0) p 

{001} See 0° 

{010} 0° 90° 

{110} BLeo2: 90° 

{210} 50°49" 90° 

{310} 61°28' 905 

{011} 0° 52°43' 

{101} 10) etemap hy 

{111} Sleo2, 57-01) 

Figure 9.4a shows a stereogram of the pole positions 

of faces belonging to the foregoing forms, but only in the 
positive octant. Subsequent illustrations show the angles 
and trigonometric functions that apply, as well as the 
resulting axial ratio statements. Each of the faces given 
and their plotted positions were discussed earlier and 
are presented graphically in Figs. 9.4 and 9.5. The illus- 
trated derivations in Figs. 9.4 and 9.5 are very similar to 
the earlier graphical methods, except that trigonometric 
functions are used. The captions to each of the illustra- 
tions in Figs. 9.4 and 9.5 provide step-by-step derivations 
of the axial ratio statements using trigonometric func- 
tions of ¢ and p. If the student is familiar with trigonome- 
try, the desired axial ratio calculations are much quicker 
to perform than the graphical methods. As should be 
expected, the results for both methods are very similar, 

and in turn comparable to the ratios based on direct X- 

ray measurements. 

c. Plotting of face poles on the basis of known axial 

ratios. If the axial ratio is known, faces can be plotted by 

reversing the foregoing procedures. For convenience a 
circle (that is, the equatorial plane of a stereonet) is 

drawn with radius = 10 divisions on square graph paper 
in Fig. 9.6a. The radius = 10 is taken as unity and is set 
equal to the b axis. The following steps apply to the 
plotting of (130) and (131) poles for an orthorhombic 
mineral with an axial ratio of a:b: c = 0.41: 1: 0.26. The 
(130) face has the following intercepts: 

2893-120 
co 

0.41 
. 

1 

With b = unity (10 divisions), the length of the a axis 

can be measured off as 12.3 divisions (at A). The trace of 
(130) is the join between A and the unit distance (= 10) 
along b. The pole of (130), therefore, is the point where 
the perpendicular from the origin to this trace intercepts 
the unit circle (the primitive). 

The pole of (131) must lie somewhere along the radial 
line (great circle) from O to the (130) pole. The best way 
to illustrate the locating of the (131) pole is by a vertical 
section in which the radial direction OT is horizontal. 
The intercepts of (131) are 

eS iia ie: 
eS aL 

In Fig. 9.6b first measure off the distance OT (from Fig. 
9.6a) along direction OT. Then measure 7.8 divisions 
along the (+) end of thec axis (as derived from the ratio 
value of 0.78). Joining points C and T’ gives the location 
of the trace of (131) in this vertical section. A line perpen- 
dicular to this trace gives the intersection point (the pole) 
on the vertical unit circle. By drawing a line that connects 
this pole with the (-) end of the c axis, we obtain an 

intersection point with the horizontal trace (along OT). 
The distance from O (the origin) to this intersection point 
is the distance that must be laid off in Fig. 9.6a to locate 
the pole of (131) ona stereogram. This turns out to be 4.2 
divisions; this is measured out with a compass from O in 
Fig. 9.6a. 

At this stage the o angles of (130) and (131) can be 
measured from Fig. 9.6a with a protractor. This 6 turns 
out to be 39°. The p angle for (131) can be measured in Fig. 
9.6b and this is 45°. It is instructive to know which 
mineral constants were plotted and what the expected 
and p angles for (130) and (131) are. The mineral is 
chalcostibite; and the angles for its two forms are as 
follows: 

WlR 

6 p 
{130} 38°45' 90° 

{131} 38°45' 45°04' 



FIGURE 9.4 Determination of axial ratios by trigonometry. 
(a) Location of the poles of several faces of barite, in the positive 
octant (on a stereogram); the dashed lines represent great 
circles on which poles of faces in the same zone plot; (b) Some 
trigonometric functions. (c) Derivation of the axial ratio a : b 

\ 

\ 
(011)’ \ 

e e 

los os aot 

ec 
i 
/(111) (110) 

oe? (210) 

(310) 

(a) a(+) 

Copyright John Wiley & Sons, Inc. 

AXIAL RATIO CALCULATIONS 115 

using cot @ (110). (d) Derivation of the axial ratio a : b using 
cot o (210). (e) Derivation of the axial ratioa : b using cot (310). 
(f) Derivation of the axial ratio b : c using tan p (011). (g) 
Derivation of the axial ratio a : c using tan p (101). 

Pp 

yy, 

x 

j a PK pa ee sina = 5, cosa = 5 

Ne ees (b) tana = 7 cota = = 

¢ (110) = 31°32’ 

BOR OA" ta cot ¢ = a = ; OB b, set at 1 

cot ¢ = oo 

cot @ = OA’; cot 31°32’ = 1.6297 
Gibm=s 6297s 

@ (210) = 50°49’ 

a:b = h(OA): (OB) = 
h(OA’) : k(OB’) 

OB’ = 5, set at 1 

cot ¢ = a cot 50°49’ = 0.8151 

QOl— OO LO) ae) 
= 2(0.8151) : 1(1) 

oy ly = WAeSh0) 8 al 
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FIGURE 9.4 (continued) 

$ (310) = 31°32’; cot 31°32’ = 0.54371 

a:b = h(cot 4): k(1) 
= 3(0.54371):1 

(fe) a:b =1.6311:1 

p (011) = 52°43’ 

b2e = OB OC = OB’ : OC’ 

OB’ = b, set at 1 

OC’ oc’ tan p =e nao 1 

tam 2c 434 ieS oo 

bice—— lees so 

Combining a: b(from c, d, and e; 
and 6: c results in an 
axial ratio statement: 
GA Ces OSs eS 

P (101) = 38°51 

aicl= OA 20C = OAZ30CZ 

tanh oa ae OAS =a, set at 1 

tan 38°51’ = 0.80546 

a:c = 1: 0.805, which 
confirms the result in part f 

a:c 

Aree: 

1.63 : 1.31, which becomes 
1 : 0.804 oll 
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FIGURE 9.5 Determination of axial ratios using trigonome- 
try and the and p angles of face (111). 

(=) ¢(111) = 31°32’; p(111) = 57° O1' 

The ¢ angle of 31°32’ 
is the same for (110) and (111) 

In Fig. 9.4 ¢ 

cot d = = save the ratio 

a:b =1.6297:1 

(a) 

In order to refer any further 
c: 6b calculations to 6 = 1, 
we need the length of OT” : 

cos ¢ = a cos 31°32’ = 0.85239 

tan p(111) will provide 
the c: 6 ratio. 

|g Il 8 
Sh oh rE OT 

tan 57°01’ = 1.54085 

OC’ = Ol tan p 
0.85234 x 1.54085 

1.3133 

This leads to 

AOCr— 1 O20 7s le lestss 

(b) 
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FIGURE 9.6 Plotting of face poles on the basis of a given axial ratio. 

HA 
La) 

Scale 

a:b:c =0.41:1:0.26 

For (130) intercepts are: 

OO fi. OBS = 
eek 

ere ew 

Pel 
[| | ¢ = 39° 

a 
S260 2868 

For (131) intercepts are: 

Of . h . OFF _ 
irae ey 

23001640576 

f 
IN 

TY PAT RS “A SGS ERRES2 

LA 

Bis 
\ 
LA 

BESET OSSERERE BBP ESbes 
HIBHESEORSS 

Copyright John Wiley & Sons, Inc. 



REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 75-76, 81-82 and 91-93. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 49-53. 

MATERIALS 

Square graph paper (provided in Fig. 9.7), a compass, 
protractor, and a calculator with trigonometric func- 

tions. Also needed are $ and p angles for indexed faces, 

TABLE 9.1 Interfacial Angles 
for Two Minerals 

Point Group 

4/m2/m2/m 2/m2/m2/m 

(010) A (110) = 45°1' 

(001) A (011) = 41°45' 

(001) A (111) = 51°38' 

(001) A (211) = 63°24' 

(100) A (101) = 47°50' 

(101) A (101) = 84°20' 

(101) A (011) = 56°41' 

TABLE 9.2 ¢and p Angles for Two Minerals 

Point Group 

4/m 2/m 2/m 2/m 

Form $6 p Form $6 p 

(OLS 0° {001} - 0° 

(O03) ee 35°54' i010} Aw, SNe 

tO1i}~ ~—«* 65°16' {100} 90° 90° 

{114} 45° a7 Sl" {130)7 25 os 205 

CL 12y = 45° 36°55" 120) 50 36-03 22905 

{123} 18°26' 59°47’ OL ee le 26°41' 

(OL BeeoUs 55°40! 

(111) (e553 41536: 

{121} = 36°03" 51°12 
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or interfacial angles for such faces. For plotting of face 
poles on the basis of axial ratios, an axial ratio statement 

is needed. All such data are given as part of the assign- 
ment. (See Tables 9.1 to 9.3.) 

ASSIGNMENT: Graphical and trigonometric determi- 

nation of axial ratios on the basis of interfacial angles and 

and p angles. Data are given in Tables 9.1 and 9.2. 

Furthermore, Table 9.3 provides data for the plotting of 
face poles for a mineral for which the axial ratio and the 

Miller indices of faces (to be plotted) are given. 

TABLE 9.3 Axial Ratio for an Orthorhombic Mineral 

(2/m2/m2/m) and Miller Indices of Face Poles To Be 

Plotted on a Stereogram 

a:b:c=0.608:1:0.721 

(110) 

(021) 

(111) 

(130) 

(031) 
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FIGURE 9.7 Graph paper with 10 x 10 divisions per inch. 
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EXERCISE 10 

SYMMETRY AND TRANSLATION IN ONE- AND 

TWO-DIMENSIONAL PATTERNS 

PURPOSE OF EXERCISE 

Identification of symmetry and translational elements in 
printed patterns. This process serves as an introduction 
to the internal structures of crystalline solids, which 
consist of atoms (or ions) in regular arrays in three 
dimensions. Symmetry and translations are fundamen- 
tal properties of such arrays. As such, it is instructive to 
gain familiarity with these elements in printed one- and 
two-dimensional patterns. 

BACKGROUND INFORMATION: In exercise 1 you 
had a brief introduction to the symmetry content of 
letters, symbols, and common objects. In the subsequent 

exercises you concerned yourself with various aspects of 
the translation-free symmetry of crystals, that is, point 
group symmetry as expressed by the external form (= 
morphology) of crystals. All such point group symme- 
tries are by definition translation-free because we can 
recognize only translation-free symmetry elements such 
as mirrors, rotation and rotoinversion axes, and a center 

of symmetry. However, throughout the internal struc- 
ture of crystals there are translations so extremely small 
(atomic scale) that they cannot be seen by the naked eye. 
Such translations are commonly expressed in nanome- 
ters or angstroms, in which 1 nanometer = 10’ cm, and 1 
angstrom = 10° cm. Indeed, the only way in which such 
distances can be seen directly is by transmission electron 
microscopy (see, for example, Fig. 3.19 in Manual of 
Mineralogy, 21st ed., p. 128). 

We must remind ourselves that the crystal form (of a 
mineral, or some other crystalline substance) is the exter- 
nal expression of the regularity of its internal atomic 

‘structure. The internal ordered arrangement of atoms (or 
of ions and of clusters of atoms and ions) ina crystalline 
structure may be thought of as motifs repeated by regu- 
lar translations in three dimensions. In other words, an 

atomic structure of a crystalline material is the result of 
regular (= periodic) translations of a motif in three dimen- 
sions. In crystalline materials such motifs may be, for 
example, Cu atoms, SiO, tetrahedra, groups of SiO, 
tetrahedra, or triangular CO, groups. Whereas in a two- 
dimensional wallpaper pattern the motif may be the 
drawing of a flower, in a mineral the motif may consist 
of a grouping of SiO, tetrahedra about some large cation. 
In wallpaper patterns the motif is repeated indefinitely 
by two translations to produce rolls of printed pattern. In 
the internal structure of crystals the motif (some chemi- 
cal element or grouping) is translated, essentially indefi- 

Copyright John Wiley & Sons, Inc. 

nitely, in three dimensions to produce the periodic array 
of the structure. 

Illustrations of three-dimensional structures of min- 
erals are found throughout Chapters 10 through 13 in the 
Manual of Mineralogy, 21st ed. (see also other references 
listed). However, mineralogists and crystallographers 
commonly evaluate the symmetry elements and transla- 
tions in such atomic structures by a more abstract repre- 
sentation of the structure known as the lattice. A lattice is 
an imaginary pattern of nodes in which every node has an 
environment that is identical to that of any other node in the 
pattern. A lattice has no specific origin as it can be shifted 
parallel to itself. A node is an abstract representation of a 
motif (be itin wallpaper patterns or in three-dimensional 
crystal structures). Using nodes, instead of the original 
motifs in evaluating a pattern, is very helpful in the 
assessment of the types of translations and symmetry 
elements inherent in a two-dimensional pattern or a 
three-dimensional structure. Once the abstract array of 
nodes has been derived from the original pattern, one 
can decide on the unit cell of the pattern. A unit cell is the 
smallest unit of pattern that can be indefinitely repeated to 
print the whole pattern. A unit cell is outlined by connect- 
ing lattice nodes in a pattern. The translation directions 
ina pattern define the directions along which the unit cell 
must be repeated to complete the whole pattern. All the 
foregoing concepts are illustrated in Fig. 10.1 in two- 
dimensional patterns. Figure 10.1a is a two-dimensional 
pattern of flowers; Fig. 10.1b is the planar lattice deduced 
from this pattern by substituting a (lattice) node for each 
of the motifs (the flowers). A unit cell is outlined in both 
figures by dashed lines. The unit cell is the result of 
connecting four motifs in the two-dimensional pattern, 
which is equivalent to connecting four nodes in the plane 
lattice. It is useful at this stage to ask the question “How 
many motifs are contained within the unit cell?” This is 
most easily answered by inspection of Fig. 10.1a. Each 
corner of the unit cell contains the halves of two petals, 
which means that there is a total of one petal per corner. 
The unit cell has four corners, and it therefore follows 

that the unit cell contains only one flower pattern within 
it 

It should be clear from this discussion that when one 
prints a motif at each lattice node in Fig. 10.1b, one 

regenerates the original pattern from which the planar 
lattice was abstracted. 

Figures. 10.1a and 10.10 also allow for two sets of axes 
(in this case perpendicular to each other) to be selected in 
the pattern. It is conventional to use the same axis nota- 
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FIGURE 10.1 (a) Two-dimensional orthogonal pattern of 
flower motifs. (b) The lattice deduced from the pattern in part 
a. (c) A similar two-dimensional pattern with a more complex 
motif. (d) The lattice deduced from the pattern in part c. 
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tion as was used for the six crystal systems (such asa, b, 
and c or a,,a, and c). The locations of the a and b axes in 
these two-dimensional patterns are noted as well as the 
units of translation along these axes (t, and f,). 

It may now be helpful to inspect a planar pattern with 
amore complicated motif and motif distribution, but still 
with orthogonal translation directions. Figure 10.1cshows 
sucha pattern in which the total motif consists of parts of 
two other symbols in addition to the flower. The unit cell 
outlined in Fig. 10.1c, between the four diamond-shaped 
symbols, contains the following motif units: one whole 
flower in the center of the unit cell, four quarters of the 
diamond-shaped symbol at the corners of the unit cell, 
and four halves of the small circles along the edges of the 
unit cell. The motif therefore consists of one flower, one 

diamond-shaped symbol, and two small spheres. The 
planar lattice abstracted from this pattern is shown in 
Fig. 10.1d. Note that the plane lattices (in Figs. 10.1b and 
d) are of the same type (orthogonal axes, and a rectangu- 
lar outline), even though the motifs are quite different in 

the two patterns. There are only five different types of 
planar lattices (also referred to as nets), and these are 

shown in Fig. 10.2. The planar lattices in Fig. 10.1 are 
equivalent to the b drawing in Fig. 10.2 (a rectangular 
lattice). 

These five planar lattices have inherent symmetries. 
You are already familiar with most of the symmetry 
elements that they may contain such as mirror planes, 
rotations axes, rotoinversion axes, and centers of sym- 
metry (i). There is an additional translational symmetry 
element in patterns, namely a glide line which combines 
mirror reflection and translation. Motifs in one-dimen- 
sional patterns related by glide lines or mirrors (perpen- 
dicular to the page) are shown in Figs. 10.3a and b (in 
three-dimensional arrays the combinations of mirror 
reflections and translation are known as glide planes). 
Figure 10.3c shows a pattern based on a rectangular 
plane lattice (or net) that contains mirrors as well as glide 
lines. The mirrors (m) and glide lines (g) are interleaved 
parallel to the two axial directions of the pattern. Notice 
that the pattern in Fig. 10.1 contains only mirrors and no 
glide lines. 

Several other aspects of the pattern in Fig. 10.3c are 
worth noting. In the lower left corner of the pattern a 
rectangular unit cell is outlined by shading. This unit cell 
contains two motifs per unit cell and is referred to as a 
centered (c) unit cell (with a centering motif or node in the 
center of the unit cell outline) or a nonprimitive unit cell. 
A primitive cell (p) is one that contains only one node per 
lattice (as, for example, in Figs. 10.1b and d). One could 
have chosen a primitive unit cell in the pattern of Fig. 
10.3c as well, and sucha cell choice is outlined by shading 
at the right-hand side of the pattern. These two different 
unit cell choices are equivalent to the illustrations of the 
centered and the noncentered lattice choices in Fig. 10.2c. 
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Clearly the axes (that is, the translation directions) and 
the size of the translations in the two unit cell choices in 
Fig. 10.3c are different. The a and b axes of the nonprimi- 
tive unit cell are orthogonal, but thea’ and b’ axes of the 
primitive unit cell are not at 90° to each other. 

Yet another feature of Fig. 10.3c is worth noting. If we 
were to replace each of the motifs (flowers) with a node, 
as we did in Fig. 10.1, the resulting planar lattice (shown 
in Fig. 10.4a) will contain all the mirrors and glide lines 
already shown in Fig. 10.3c. However, there are addi- 
tional symmetry elements inherent in this planar lattice 
(or net). If you inspect the lattice carefully, you will note 
that 2-fold rotation axes, perpendicular to the plane of 
the page, occur at the position of every lattice node. There 
are additional 2-fold rotation axes (also perpendicular to 
the page) halfway along the lines that connect the nodes, 
as well as halfway along diagonals between the nodes. 
An evaluation of the total symmetry content of the lattice 
based on the pattern of Fig. 10.3c is shown in the upper 
left corner of Fig. 10.4a. One of the centered, orthogonal 
unit cells of this pattern has been enlarged in Fig. 10.4b 
and shows within it the total symmetry content (consist- 
ing of mirrors, glide lines, and 2-fold rotation axes). This 

centered orthogonal net can be classified as one of the 17 
possible plane patterns (or plane groups) as illustrated in 
Fig. 10.5. If one compares Fig. 10.4b with the drawings in 
Fig. 10.5, one finds it to be identical to the drawing with 
the symbols c2mm. This notation should be reminiscent 
of the point group notation used in earlier exercises (see 
exercise 3). The small c means that the lattice is centered 
(nonprimitive), and the remaining symbolism states that 
it contains 2-fold rotation axes perpendicular to the page 
and mirrors along the two axial directions (the presence 
of the glide lines is not identified in the symbolism). 

The 17 plane groups represent the 17 unique arrange- 
ments of symmetry elements in two dimensions. They 
result from the interaction of the symmetry (the point 
group) of the motif with the symmetry of the various 
planar lattices. There are only 10 possible two-dimen- 
sional point group symmetries. These are illustrated in 
Fig. 10.6 and listed in the first column of Table 10.1; the 

17 plane groups are illustrated in Fig. 10.5 and listed in 
the second column of Table 10.1. With reference to Figs. 
10.3 and 10.4, one can illustrate how the point group 
symmetry of the motif interacts with the lattice symme- 
try. Notice that the motif has symmetry 4mm (the flower; 
see Fig. 10.4c), but the overall lattice symmetry is only 
2mm. This means that the final pattern displays the 
symmetry of the lattice when the symmetry elements of 
the motif are aligned with the corresponding symmetry 
elements of the lattice. If the motif has less symmetry 
than the lattice, the pattern will express the motif’s lesser 

degree of symmetry, with the symmetry elements of the 
motif aligned with the corresponding symmetry ele- 
ments of the lattice. 
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FIGURE 10.2 Five types of plane lattice or nets. The transla- 
tion distances are represented byt, and t, and t, and t, asin (c). 
The angle between the translation vectors is y. The symbol = 
means “is identically equal to” under all circumstances. The 
symbol # implies nonequivalence. The unit cells of the lattices 

(a) Oblique lattice 
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y # 90° 

(6) Rectangular lattice 
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fc) Centered rectangular lattice 

Y # 90°, 60°, or 120° 

are outlined by a combination of arrows and dashed lines. In 
part c there are two choices of unit cell: one rectangular, the 
other with a diamond shape. (See Manual_of Mineralogy, 21st 
ed., p. 113.) 
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FIGURE10.3 (a) Aglide line withtranslationt/2and its effect flower motifs in which the locations of mirrors (m) and glide 
on the distribution of flower motifs. (b) A mirror and its effect __ lines (g) are shown. The two different choices of unit cell are 
on the distribution of flower motifs. (c) A rectangular patternof —_ indicated by shading (see text for discussion). 

) (b) 
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FIGURE10.4 (a) The plane lattice derived from the pattern in 
Fig. 10.3. Here mirrors (m), glide lines (g), and 2-fold rotation 
axes are located within the lattice. (b) An enlarged view of one 
rectangular (centered) unit cell choice and its symmetry con- 
tent. (c) The 4mm symmetry of the flower motif. 
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FIGURE 10.5 Representation of the 17 space groups of plane represent mirrors and glides, respectively, perpendicular to patterns (= plane groups). Heavy solid lines and dashed lines the page. 
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FIGURE 10.6 The point group symmetry of two-dimensional motifs. 
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TABLE 10.1 Two-Dimensional Point Groups and Space Groups 

Lattice Point Group Space Group a 

Oblique p 1 pl Se i = = K/ Rectangular p and c pm <J 

m pg p3ml 

cm & y: 

2mm p2m m aba 

pamg 
. p2gg ¢ a 

c2mm fe 
Square p o p4 Ee 

4mm p4mm 

pagm 
Hexagonal p 3 p3 p3lm 

3m p3m1? 

p31m? 

6 pe 

6mm pomm = a3 

*There are two distinct groups for 3m—p3m1 and p31m. They have the same total symmetry content and shape. However, the conventional 
location of cell edges (as defined by three axes, a,,a,,4,) differs by 30° in the two groups. In p3m1 the mirror lines bisect the 60° angle between cell 
edges; in p31m the reflection lines coincide with the cell edges. 

SOURCE: From International Tables for Crystallography, vol. A, 1983 D. Reidel Publishing Co., Dordrecht, The Netherlands. 

Before addressing specific aspects of the assignment 
ahead, we should look at some more general aspects of 
printed patterns. A sheet of paper has two sides: one side 
may contain a drawing and the backside may be blank. 
As such the two sides are different. This means that there 
are no symmetry elements that lie in the plane of the 
paper. That is, there is no mirror plane parallel to the 
paper, nor are there axes of rotational symmetry parallel 
to the paper. There may, however, be a number of 

symmetry elements that are perpendicular to the plane 
of the drawing. These are mirrors (m), glide lines (g), and 
rotation axes (1, 2, 3, 4, and 6). 

Any repetitive, ordered drawing also contains trans- 
lational elements. In a one-dimensional row there is only 
one translation direction and only one translational 
spacing. In a two-dimensional pattern there are two 
translational directions, with either a single spacing or 
two different ones. There are also various choices of 
angles between the translation directions (see Fig. 10.2). 
In a three-dimensional ordered array there are three 

translation directions, and the possibility of only one 

spacing, two different spacings, three different spacings, 

as well as various possible angles between the transla- 

tion directions. 
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MATERIALS 

Figures 10.7 and 10.8 with printed patterns, the last three 

of which are redrawn from M. C. Escher, the late Dutch 

graphic artist; sheets of transparent (tracing) paper; 

millimeter ruler, protractor, soft pencil, and eraser. Sheets 

of various patterned wallpapers can be added, if so 
desired. 
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ASSIGNMENT: Figures 10.7 and 10.8 form the basis of 
this assignment. 
1. Inspect the drawings carefully and locate the motif or 
motifs. The motif of a pattern is the smallest unit of the 
pattern that, when repeated by symmetry and transla- 
tional elements, will generate the whole pattern. Notice 
that the motif may contain symmetry within it (see Fig. 
10.6). 

2. A one-dimensional, ordered pattern is the result of a 
constant translation along the direction of the row. A 
two-dimensional pattern is the result of translation of the 
motif along two noncollinear directions. Two such non- 
collinear directions are chosen as the outline of the unit 
cell. The unit cell of a two-dimensional pattern is the 
quadrilateral whose sides are these unit translations. 
These noncollinear unit translations may or may not be 
the shortest noncollinear translations in the pattern. This 
unit cell outline is most easily seen by replacing the 
actual printed pattern with the imaginary pattern of the 
lattice, that is, by substituting nodes for the motifs on 

your transparent overlay. The choice of unit cell ina two- 
dimensional pattern is restricted to one of the following 
five (see Fig. 10.2): 

a parallelogram (an oblique choice) 

a rectangle (which may or may not contain an internal 
motif) 

a diamond (with equal translations) 

a square 

a rhombus or triangle (also known as hexagonal) 

The best choice of unit cell in a pattern is not arbitrary. 
Crystallographers have adopted the following conven- 
tions concerning the choice. 

a. The edges of the unit cell should, if possible, coincide 

with symmetry elements of the pattern. 
b. The edges should be related to each other by the 

symmetry of the pattern. 
c. The smallest possible cell in accordance with conven- 

tions a and b should be chosen. 

If the unit cell of your choice contains nodes only at its 
comers, it is described as primitive (p). A unit cell choice 
in which an additional node is located at the center of the 
cell is known as centered (c). 

3. After having located the translation directions of the 
pattern, and having recognized the repeated motif, puta 
transparent overlay (tracing paper) over the pattern. On 
this overlay substitute large round dots (known as 
“nodes”) for each motif. Do this throughout the pattern. 
The point you choose is arbitrary, but once you have 
chosen a specific location in the pattern for a node 
location, you must be sure that you continue to use the 
exact same node location throughout the pattern. The 
pattern of nodes you have generated (in a two-dimen- 
sional ordered array) is the net (an abstract rendition of 

the original pattern). On this net (on transparent paper) 

outline the most appropriate choice or choices of unit cell 

[in some patterns there may be more than one choice, 

e.g., primitive (p) versus centered (c)]. If there are choices, 

mark them all and carefully note how they differ. With a 
pencil and ruler draw the translation directions, parallel 
to the unit cell choice, throughout the net. 

4. Locate all symmetry elements with the appropriate 
symbols on the transparent overlay. Use the symbols 
given in Fig. 7.1 and use a dashed line symbol fora glide 
line. Do this throughout a large part of the net. Note 
where these symmetry elements are located with respect 
to your choice of unit cell (see the last section of point 2 
above). Generally it is best to choose corners (of the unit 
cell) coincident with major symmetry elements (e.g., 
rotations). Furthermore, edges of your unit cell choice 
may coincide with mirror planes or be perpendicular to 
such mirrors. 

5. Measure and record the length of the translations in 
the one-dimensional patterns. Note the presence of any 
symmetry elements (e.g.,m, g,and/or rotations). Record 
your findings in Table 10.2. 

6. Measure and record the lengths of the two transla- 
tions in the two-dimensional patterns. Also note the 
angle between your two chosen directions. Record your 
findings in Table 10.2. 

7. Decide on the shape of your choice of unit cell. See 
point 2 as well as Fig. 10.2. Record this in Table 10.2. 

8. Table 10.2 allows for additional evaluations. For the 
one-dimensional rows only a few data are requested. 
However, for the two-dimensional patterns a formal 

assessment of the total symmetry content should be 
made. There are only 17 possible options for regularly or- 
dered two-dimensional patterns. These 17 possible space 
groups are listed in Table 10.1, and their symmetry 
elements and lattices are illustrated in Fig. 10.5. In look- 
ing these over you see the numeral 1 in several places 
(e.g., p1, p3m1, and p31m). The 1 implies 1-fold rotation, 
which is equivalent to 0° or 360° rotation. (This means 
that after 0° rotation, or after 360°, the 1-fold rotational 
operation has generated the identical object, or motif; 
because of this the 1-fold rotation is also known as 
“identity.”) 

9. Locate all symmetry elements on the lattice tracing of 
the two-dimensional patterns, and assign each pattern to 
one of the 17 plane groups. Your tracing paper pattern 
will be equivalent to one of the plane groups in Fig. 10.5 
only if you have indeed plotted all of the symmetry 
elements. Please note that the origins of the unit cells in 
Fig. 10.5 are really arbitrary, but they are agreed upon by 
convention. You may have to shift the origin of your 
pattern to conform with the conventions of Fig. 10.5. If 
your pattern still does not fit one of the plane groups, you 
have probably overlooked a symmetry element. 



EXERCISE 10 
FIGURE 10.7. One-dimensional (linear) patterns. 
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EXERCISE 10 eae 
FIGURE 10.8 Two-dimensional (planar) patterns. Patterns i, Symmetry; The Periodic Drawings of M.C. Escher. Harry N. Abrams, 
j, and k are redrawn from illustrations by M. C. Escher, as New York; copyright © M.C. Escher heirs c/o Cordon Art, published by Caroline H. MacGillavry, 1976, Fantasy and Baarn, Holland. 
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EXERCISE 10 
FIGURE 10.8 (continued) 
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EXERCISE 10 
FIGURE 10.8 (continued) 
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FIGURE 10.8 (continued) 

S
N
 

<7 

l
S
I
S
 =
e
 

Siz 

Zs 

S
e
a
n
 

e
s
 

\\ 
o
A
 

f
i
 

X
Y
P
S
X
 

N 
[ze 

B
 

o> 

Us 
NZ
 

4
 

L
S
S
 









EXERCISE 10 tans 
TABLE 10.2 Data Obtained from the One- and Two-Dimensional Patterns in Figs. 10.7 and 10.8 

One-Dimensional Patterns (Fig. 10.7) a b c d e f 

“Translation distance along row 

Symmetry content of motif (if any) 

Additional symmetry element and its orientation 

Two-Dimensional Patterns (Fig. 10.8) 

Translation distance along: 
direction 1 =t, 

direction 2 = t, 

Angle between t, and t, 

Unit cell choice (p or c) 

Shape of unit cell 

What is the motif? 

Notation for plane group 

Copyright John Wiley & Sons, Inc. 149 
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EXERCISE 10 
TABLE 10.2 (continued) 

Student Name 

Two-Dimensional Patterns (Fig. 10.8) e yf g h iG pe ke 

Translation distance along: 

direction 1 = i 

direction 2 = us 

Angle between ft, and t, 

Unit cell choice (p or c) 

Shape of unit cell 

What plane net is this? 

What is the motif? (give a sketch) 

What is its point group symmetry? 

Plane group symbol for pattern 

*This arrangement of spheres represents the densest possible packing of spheres in a regular array in two dimensions 
(known as simple hexagonal packing). 
’This arrangement of spheres is less space-conserving than the one in e (as such less dense). 
‘Patterns i, j, and k are redrawn from illustrations by M. C. Escher, as published by Caroline H. MacGillavry, 
1976, Fantasy and Symmetry; The Periodic Drawings of M. C. Escher. Harry N. Abrams, New York. Copyright M. C. Escher heirs 
c/o Cordon Art, Baarn, Holland. 
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EXERCISE11 

SPACE LATTICES 

PURPOSE OF EXERCISE 

Understanding space lattice choices and their projec- 
tions as an introduction to the notation and graphical 
representation of space groups. 

BACKGROUND INFORMATION __, 
a. On the choice of unit cell‘within a space lattice. In 
exercises 2, 3, 7, and 8 various aspects of the 32 point 

groups (= crystal classes) were introduced. Such point 
groups are translation-free. In exercise 10 the combina- 
tions of symmetry elements and translations in one- and 
two-dimensional patterns were considered. This led to 
the recognition of the 17 plane groups, as a result of com- 

bining the inherent point group symmetry of a motif 
with the five plane lattices (or nets). In three-dimensional 
structures the combination of the 32 point groups and all 
possible lattice types (there are 14 of these, referred to as 
the Bravais lattices) leads to 230 possible ways in which 
symmetry and translation can interact. These 230 pos- 
sible combinations of symmetry and translation are 
known as the 230 space groups, which are 230 possible 
three-dimensional architectures of symmetry elements. 
In addition to the symmetry elements already intro- 
duced, that is, a center of symmetry (i), mirrors (m), and 

rotational axes (1, 2,3,4,6and 1 =1,2=m,3 =3.1,4, and 

6 = 3/m), space groups contain various translational ele- 
ments. These are (1) pure translations between equiva- 
lent positions in an ordered structure (see exercise 10 for 
examples of such translations in one and two dimen- 
sions), (2) translations that are combined with rotational 

axes (giving rise to screw axes), and (3) translations 
combined with mirrors (giving rise to glide planes). In the 
first part of this exercise we will concentrate on the 
purely translational aspects of space groups and their 
notation. 

The translational aspect of an ordered, three-dimen- 
sional crystal structure is exemplified by the lattice (or 
lattice type) of that structure. A lattice is defined as 
follows (Manual of Mineralogy, 21st ed., p. 110). A lattice 
is an imaginary pattern of points (or nodes) in which every 
point (or node) has an environment that is identical to that of 
any other point in the pattern. A lattice has no specific origin 
as it can be shifted parallel to itself (see also exercise 10). The 
three-dimensional lattices are formed through the addi- 
tion of a third translation direction (a vector) to the five 
plane lattices of Fig. 10.2. Just as we saw there that there 
are only five ways in which points (= nodes) can be 
arranged periodically in two dimensions, there are only 
14 ways to arrange points periodically in three dimen- 
sions. These are the 14 Bravais lattices. 

Copyright John Wiley & Sons, Inc. 

The 230 space groups incorporate in their notation a 
statement of lattice type. In each of the six crystal systems 
there is an ordered repeat pattern that can be based ona 
primitive lattice (a primitive lattice is one that contains 
only corner nodes, and as such is noncentered). This 
means that out of the 14 possible Bravais lattice choices, 
six are primitive (referred to as P). There is an additional 
primitive lattice in the hexagonal system, known as 
rhombohedral (R), with the shape of a rhombohedron. 
The additional seven lattices, distributed among four of 
the crystal systems, are nonprimitive and have special- 
ized centering nodes. Examples of all such centerings (A, 
B,C,F,and I) are given in Fig. 11.1. The distribution of the 
14 space lattice types among the six crystal systems is 
shown in Fig. 11.2 and Table 11.1. 

In exercise 10 translational repeats were studied in 
one-dimensional patterns, and in two-dimensional pat- 
terns unit cells were selected. In two-dimensional pat- 
terns the unit cell choices are restricted to five types. In 
three-dimensional structures the choice of space lattice is 
restricted to one of the 14 Bravais lattice types. 

Asin two-dimensional patterns, in three-dimensional 

structures the choice of lattice type is not arbitrary. As 
noted in exercise 10, crystallographers have drawn up 
the following restrictions concerning the choice. 

1. The edges of the unit cell* (of the lattice) should, if 
possible, coincide with symmetry axes of the lattice. 

2. The edges should be related to each other by the 
symmetry of the lattice. 

3. The smallest possible cell in accordance with restric- 

tions 1 and 2 should be chosen. 

In any regular (= ordered) three-dimensional array of 
(lattice) nodes, a primitive (P) lattice type can always be 
chosen (the P choices are the six primitive lattices, each 

belonging to one of the six crystal systems, among the 14 
Bravais lattice types). However, it is frequently desirable 
and appropriate to choose a nonprimitive unit cell (or 
lattice type). In practice, in the study of crystal structures 
the investigator will determine the three-dimensional 
translation (lattice) pattern of the structure being inves- 
tigated by, for instance, X-ray diffraction techniques, on 

the basis of the distribution of X-ray diffraction maxima 

(exposed spots on a film). He or she will in accordance 
with point 3 try to describe the lattice in terms of the 
smallest unit cell. Such a choice might turn out to be a 

*Unit cell definition: A unit cell is the smallest volume or parallelepi- 
ped within the three-dimensional repetitive pattern of a crystal that 
contains a complete sample of the atomic or ionic groups making up 
the pattern. 

153 



154  &EXERCISE 11 

FIGURE 11.1 (a) A primitive unit cell with orthogonal axes _ in crystals known as hexagonal. (d) A rhombohedral unit cell 

x, y, and z and with the lengths along these axes (a,b, andc) _ outlined by translation direction a, (the edge of the rhombohe- 

unequal. (b) Possible centerings in the unit cell outlined in part dron) and a, (the angle between two edges). The edges are 

a. (c) A primitive unit cell outlined by two equal axes, a, and a,, symmetrical with respect to a 3 axis along the c direction. 

anda third, c, perpendicular to them. This type of lattice occurs 

P(primitive) 
a = bi+7C 

a= B = “vy. = 90° 

B(B-centered) C(C-centered) P(hexagonal) 

(c) 

F(all face-centered) I(body-centered) 

(b) 

R (rhombohedral) 

(d) 
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FIGURE 11.2 The 14 unique types of space lattices, knownas 
the Bravais lattices. Axial lengths are indicated bya,b,andcand 
axial angles by a, B, and y. Each lattice type has its own 
symmetry constraints on lengths of edges a, b, and cand angles 
between edges, ao, B, andy. In the notations the nonequivalences 
of angles or edges that usually exist but are not mandatory are 
set off by parentheses. 

Triclinic 
(Gres js} <3 98H $3) SSO) 

i.e., no symmetry 
imposed restrictions 

Orthorhombic 

*In the monoclinic system the unit cell can be described by a 
body-centered cell or a C-face-centered cell througha change in 
choice of the length of the a axis and the angle B. Vectorially 
these relations are:a,=c_+a;b,=b;c,=-c,;,anda,sin B,=a,sin 

B.. Subscripts I and c refer to the unit cell types. (From Manual 
of Mineralogy, 21st ed., p. 127.) 

I (is equivalent to C 
see footnote*) 

Monoclinic 
a S57 S COMES (Ff & S35 EO) 

a= 6B =y¥y = 90% + b +c) 

Tetragonal 
a= B= y¥y = 90° a = b (+c) 

Copyright John Wiley & Sons, Inc. 

Hexagonal 

PorC R 

Rhombohedral 
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156 EXERCISE 11 

TABLE 11.1 Description of Space Lattice Types and Distribution of the 14 

Bravais Lattices Among the Six Crystal Systems 

Name and Symbol Location of Nonorigin of Nodes Multiplicity of Cell 

Primitive:(2)) 9 eit eleseoe sie ououeh-nsleligtelcnen selene 1 

Side-centered (A) Centered on A face (100) 22 

(B) Centered on B face (010) 2 

(C) Centered on C face (001) 2 

Face-centered  (F) Centered on all faces 4 

Body-centered (1) An extra lattice point at center of cell 72 

Rhombohedral (R) A primitive rhombohedral cell 1 

Primitive (P) in each of the six crystal systems = 6 

Body-centered (ID in monoclinic, orthorhombic, tetragonal, and isometric = 4 

Side-centered (A = B = C) in orthorhombic =e | 

Face-centered (F) in orthorhombic and isometric = eZ 

ae Rhombohedral (R) in hexagonal 
Total = 14 

SOURCE: From Manual of Mineralogy, 21st ed., p. 128. 

primitive (P) lattice that has an awkward relationship to 
the symmetry elements (mirrors, glide planes, rotation 
and screw axes) of the structure. If such is the case, the 

investigator will subsequently decide on a nonprimitive 
lattice in accordance with points 1 and 2. 

At this stage, it will be useful to illustrate not only 

lattice-type choices but also the various ways in which 
three-dimensional (space) lattices are illustrated, or 

projected, onto a two-dimensional page. In Fig. 11.3a 

unit cells of two lattice types are shown in three-dimen- 
sional (perspective) drawings. In these two drawings the 
nodes are connected by lines in order to outline the unit 

cells of the lattice; normally a lattice, as stated in its 

definition, consists only of nodes (without connecting 
lines or bars). The left-hand unit cell is compatible with 
a crystal structure in which the structural elements are 
arranged in an isometric array. Therefore, the unit cell 
has a cubic outline. It is primitive because it contains 
nodes only at the corners of the unit cell. The “node 
content” (or multiplicity) of this unit cell = 1, because 
each corner node (there are eight of them) contributes 
only one-eighth of a node to the cell outlined: 8 x ; =1. 
This primitive lattice is abbreviated as P. 

The unit cell on the right-hand side has a parallelepi- 
ped shape with three edges of different lengths, but all at 
90° to each other. Such a unit cell choice is compatible 
witha crystal structure in the orthorhombic system. This 
is clearly not a primitive lattice (or unit cell) choice, 
because in addition to eight corner nodes there are six 
nodes centered on six faces. The centerings are on top 
and bottom, front and back, and right- and left-hand 

sides. This unit cell contains 8 x ; = 1 node for the corner 
nodes and an additional 6 x ; = 3 nodes for the nodes on 
the six faces (each node on a face contributes one-half of 
that node to the unit cell), resulting ina total of four nodes 

per unit cell. By definition this is a nonprimitive unit cell, 
with a multiplicity of 4, and is known as all-face-cen- 
tered, abbreviated as F. 

The representations of unit cells or lattice types in a 
perspective view as in Fig. 11.34 are not common. Nor- 

mally, three-dimensional crystal structures, their lattice 
types, and intrinsic symmetry operations are shown as 
projections onto a (two-dimensional) page. In order to 
make such projections onto a page understandable, the 

original heights of nodes above the page are shown as 
whole numbers or fractions of the vertical unit cell di- 
mension. In the isometric P lattice the “ground floor” is 
the plane defined by the a, and a, axes. Conventionally 
this is the 0 level; accordingly the nodes in this level have 
Os next to them. The upper level in this lattice is equiva- 
lent to the lower level, except for one upward translation 
along the z direction (here identified as the a, axis).* The 
nodes in this upper level (“one floor up”) are all accom- 
panied by a 1. The orthorhombic F-type unit cell has a 
“lower floor,” identified by 0s along the nodes; it also has 
an “upper level” (equivalent to the 0 level) identified by 
1s alongside the nodes. However, it also has a “mezza- 
nine,” halfway between the 0 and 1 levels, on which four 

*The notation for axial directions (such as a, b, and c, or a,,a,,and c) as 
used by crystallographers is equivalent to axes denoted as x, y, and z, 
Onna taal ezs 



SPACE LATTICES 157 

FIGURE 11.3 Unit cells and their projections. (a) Perspective 
views of an isometric P cell and an orthorhombic F cell. (b) 
Projection of these same cells onto the plane of the page (= 0 
level) in extended lattices. 
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158 EXERCISE 11 

of the six centering nodes are located. This “mezzanine” 

is half way up, between the 0 and 1 levels, and as such the 

nodes in this in-between level are accompanied by the 

fractional statement *. All the translations are shown in 

the positive octant defined by three coordinate axes. As 

such, each number or fraction could have been preceded 

by a+sign: +1, + 5, and so on. This would be necessary 

in order to distinguish any node positions in planes 

below the 0 level, which would be in the negative direc- 

tion of the vertical coordinate axis (e.g., —1, - 5 , etc.). 

Translations of + 1 and — 1 are implicit for all lattices, 

which means that 0, 1 implies 2, 3, 4,-1,-2...as well as 

+ implies 15,23,-3,-1q --+- 
In Fig. 11.3b the two unit cells in Fig. 10.34 are shown 

as projections onto the 0 level, the plane of the page. The 
scale of the illustration in Fig. 11.3b is smaller than that of 
Fig. 11.34 in order to show several unit cells, that is, the 

projection of an extended space lattice onto a two-di- 
mensional page. Nodes that superimpose in such a 
projection scheme are accompanied by two numbers, 
namely 0 and 1, to remind the reader that two nodes 
have been collapsed onto each other in the projection. It 
is not uncommon to see illustrations of lattices in 
publications in which the 0 and 1 are left off for corner 
nodes and only those nodes with fractional locations 
along the z-coordinate axis are identified by fractions 
(e.g., s, :, or : ). The reader then concludes that the 

unmarked nodes occur at 0 and at 1. 
It was earlier stated that a primitive unit cell or lattice 

type can always be selected in any structure, even though 

a multiple lattice (or unit cell) would be more appropri- 
ate. Figure 11.4a shows the perspective drawings of two 
centered unit cells, as well as outlines of possible primi- 

tive cells in the same array of nodes. Figure 11.4a shows 
an all-face-centered (F) unit cell with cubic outline, as 

well as anoncentered (primitive, P) cell with a parallele- 
piped shape. Both unit cell choices will account for all the 
nodes in an extended lattice, but clearly the F choice, 

although larger (in volume) than the P choice, is prefer- 

able because symmetry axes (in this case 4s) and mirror 
planes coincide with the edges of the F cell, not the P cell. 
Figure 11.4b shows the cubic outline for a cell with one 
internal centering node (I), as wellas a primitive (P) cubic 
unit cell at an angle to the J cell. Please note that only one 
centering node is contained within the volume of the I 
cell (node 5); the other three centering nodes shown in 
the drawing (nodes 1, 3, 8) are the centers of adjoining 

unit cells and are part of an extended lattice. In Figs. 11.4c 
and d the perspective unit cell drawings (of partsa and b) 
are projected onto the 0 level [crystallographically this 
would be referred to as the (001) plane] in extended 
isometric lattices. Remembering that these are isometric 
lattices, then clearly the P choice, in both cases, is one that 

is not in accordance with the need for coincidence of unit 
cell edges and symmetry elements of the lattice. Please 

study these projections carefully so that you understand 

how they were obtained. The assignments in this exer- 

cise will draw upon your ability to visualize three- 

dimensional unit cell choices from two-dimensional 

projections. 

b. On the symmetry content of unit cells and space 

lattices. The definition of a lattice states “... an imagi- 

nary pattern of nodes in which every node has an envi- 

ronment that is identical to that of any other node....” 

This implies that the symmetry about each node (in a 

specific lattice) is identical. In the following discussion 

three examples of combinations of lattice type and 

symmetry will be given. You will note that in these 

examples all symmetry elements (as given in point group 

notation) are perpendicular to the projection page (see 
Figs. 11.5, 11.6 and 11.7). These symmetry types were 
selected as an introduction to the subject. More general 

symmetry is given in exercise 12. 
Figure 11.5a gives a perspective drawing of a primi- 

tive tetragonal unit cell that incorporates the transla- 
tional symmetry of a structure with internal symmetry 
422. The space group symbol for such a structure would 
be P422 (for further details on space group notation see 
exercise 12). The primitive unit cell has only corner nodes 
and each of these nodes must reflect the 422 symmetry. 
The incorporation of this symmetry is shown in Fig. 
11.5b. From our earlier exercises on point group symme- 
try you recall that the 4-fold rotation axis is the unique c 
axis, that the first 2 (in the symbol) refers to thea, and a, 
axes, and that the next 2 reflects the symmetry about the 
diagonals to thea, and a, axes. This knowledge allows for 
the construction in Fig. 11.5b. Figure 11.5c shows this 
same information in the standard projected form, a 
projection down the c axis. This diagram, however, 

shows only the symmetry elements specifically listed as 
part of 422. It does not show additional elements that are 
implied (or generated) at additional locations in the unit 
cell. The easiest way to evaluate the possible presence of 
such additional symmetry elements at locations other 
than the nodes (in the unit cell) is to draw a motif unit and 
let the 422 symmetry repeat it throughout the unit cell. 

In Fig. 11.5d an asymmetric motif, that is, a motif 
without internal symmetry, was chosen, the capital letter 

P. In the Manual of Mineralogy, 21st edition, another type 
of asymmetric motif is commonly used, namely a large 
comma. If all motif units lie in the same plane as, for 
example, the 0 level, there is no need to concern oneself 

with indications of height (for the motif P) above the 
page. If, however, a motif is slightly above the page, it 

would be shown as P*, indicating some arbitrary dis- 
tance upward in the + direction of the c axis; if the 
location of the motif is halfway up, this c-axis repeat 
would be shown as P5. A notation such as P!/*+ would 
indicate a motif above the plane by a translation slightly 



FIGURE 11.4 Alternate choices of unit cells in two cubic 

lattices. (a) Perspective view of an isometric unit cell, showing 
a P versus F choice. (b) Perspective view of an isometric unit 

cell, showing a P versus I choice. (c) Projection of the unit cells 

in part a onto the plane of the page (= 0 level) in an extended 
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isometric lattice. (d) Projection of the unit cells in b onto the 
plane of the page (=O level) in an extended isometric lattice. For 
clarity the nodes for the P choice have been given correspond- 
ing numbers in the perspective and projected illustrations. 
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more than one-half of the unit cell edge along c. The 
position that is equivalent to P*, but in the negative 
direction of the c axis, would be shown as P-. Such 

notation allows for the visualization of, for example, the 

presence of horizontal 2-fold axes as follows: 

pt 

¢ - > 

b— 

at 

aa) 
<—____—___—_—__> §@: ae 

| 

It is wise to locate the original P motif in a random (or 
general) position, witha + notation along thec axis rather 
than on asymmetry element. In Fig. 11.5d the motif unit 
Pis repeated by the 422 symmetry elements as well as the 
translations in the primitive unit cell. Careful inspection 
of this diagram should reveal additional symmetry ele- 
ments at the center of the cell (4-fold rotation axis) and at 
the centers of the cell edges (2-fold rotations perpendicu- 
lar to the page). However, there are also horizontal 
symmetry axes halfway along the edges. These are hori- 
zontal 2-fold axes perpendicular to the edges, and hori- 
zontal 2-fold screw axes at 45° to the edges. In the 
horizontal plane of projection 2-fold axes are normally 
shown by — and 2-fold screw axes by ——. A 2- 
fold screw axis combines 2-fold rotation with a transla- 
tion of one-half the identity period (along the axis). For 
definitions of various screw axis types, see exercise 12. 
Figure 11.5e shows the total symmetry content of a 
tetragonal P lattice, consistent with symmetry 422. In 
short, Fig. 11.5e is the complete graphical representation 
of the lattice and symmetry shown in Fig. 11.5b. 

The example in Fig. 11.5 was for a primitive lattice. In 
Fig. 11.6 the symmetry content of a centered unit cell is 
shown for the orthorhombic system, with internal sym- 
metry 222. Figure 11.6a shows the C-centered unit cell. 
Figure 11.6b incorporates the 222 symmetry at each of the 
lattice nodes. Figure 11.6c shows this same information 
projected down the c axis. This figure does not illustrate 
the additional (implied) symmetry elements that are the 

result of a C-centered cell. This additional symmetry is 

best revealed by drawing motif units distributed about 

each of the nodes in the unit cell, in accordance with the 

222 symmetry. This is shown in Fig. 11,6d. Upon careful 

inspection of the relationship of the clusters of motif 

units to each other—that is, the centering cluster versus 

the corner clusters—it becomes clear that 2-fold axes per- 

pendicular to the page exist halfway between the center- 

ing node and the corners. In addition, horizontal 2-fold 
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screw axes are interleaved between the already located 
2-fold axes. The total symmetry content of this centered 
cell with symmetry 222 is shown in Fig. 11.6e. 

The last two examples (Figs. 11.5 and 11.6) have 
involved only rotational axis symmetry. It is useful to 
briefly illustrate a centered unit cell with mirror symme- 
try. Figure 11.7 shows an I-centered tetragonal cell, with 
internal symmetry 4mm. Figure 11.7a shows a perspec- 
tive drawing of the / cell. Figure 11.7b locates the symme- 
try elements 4mm about each of the nodes; this is shown 
in projection (down the c axis) in Fig. 11.7c. In an ex- 
panded view of this projection (Fig. 11.7), all these same 
symmetry elements are plotted, as well as all the symme- 
try-required motif units (a capital P). Once these clusters 
of motif units have been located, inspection of the projec- 
tion allows for the location of additional symmetry ele- 
ments. All such implied symmetry elements are oriented 
perpendicular to the page. They are screw axes (shown 
by § and §), which involve rotation as well as transla- 
tion along the direction of the axes, and glide planes 
(shown by dot and dash—dot patterns), which combine 
reflection and translation. (See exercise 12 for the graphi- 
cal significance of the symbols used.) Here it suffices to 
note that the space group notation /4mm allows for only 
partial representation of all the symmetry implied in the 

Hermann-Mauguin (or international) symbol. These 
examples illustrate that some symmetry elements are not 
given explicitly in the space group symbol because they can be 
derived. Symmetry elements that occur in space groups, 
on account of centering of the unit cell, are always 
omitted. In this respect it should be noted that all the 14 
Bravais lattice types are parallelpipeds which require 
opposite and parallel faces. Such opposite and parallel 
face pairs are related by acenter of symmetry (=inversion, 
i). As such all space lattice types are said to be centric. 
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FIGURE 11.6 Graphical derivation of the total symmetry 

222 
content in C222. See text for discussion. 
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FIGURE 11.7 Graphical derivation of the total symmetry 
content in I4mm. See text for discussion. 4mm 
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MATERIALS 

Illustrations in Figs. 11.8, 11.9, and 11.10, ruler, soft 

pencil, and transparent (tracing) paper for Figs. 11.9 and 

11.10. 

ASSIGNMENTS 
A. Space lattice choices. Figure 11.8 shows projections of 
extended lattices on the plane of the page. In tetragonal, 
hexagonal, and orthorhombic lattices such projections 
are down the c axis, in a [001] or [0001] direction. For the 

monoclinic case, the 2-fold axis perpendicular to the 
page is the b axis; as such the projection is down b ina 
[010] direction. This monoclinic orientation is referred to 

as the second setting (with b the unique = 2-fold axis). In 
these lattice projections the corner nodes, that is, equiva- 

lent nodes that occur in the 0 as well as 1 level of the 
lattice, are not identified by (0,1). Instead they are left 
without labels for reasons of clarity. Only nodes that 
occur in fractional levels are identified. 

1. In each of the projections of Fig. 11.8, draw as many 
choices of unit cell as you can interpret. 

2. For each unit cell choice give the type name, abbrevia- 
tion, and number of nodes per unit cell. 

3. From the various unit cell choices drawn, decide on 

which is most appropriate; show this in the drawing. 

4. Locate and label coordinate axes in accordance with 

your decision in item 3. 

B. Symmetry content of lattices. Figure 11.9 gives six 
illustrations chosen from the 17 possible plane groups. 
These are the result of combinations of the five possible 
plane lattices or nets (see exercise 10) and various sym- 
metry elements. These represent two-dimensional pat- 

terns, and all motif units lie, by definition, in the plane of 

the page. The shapes of the unit cells were considered in 

exercise 10, but not the combination of unit cell (or 

lattice) type and symmetry. This part of the exercise 

serves as an introduction to space lattice symmetry, as 

shown in Fig. 11.10. 

1. In Fig. 11.9, on the basis of the distribution of motif 

units (the motif is an asymmetric capital P), determine 

the location and presence of various symmetry elements. 

Do this by placing a transparent overlay over the page. 

Trace the outline of the unit cell but not the motif units. 

Locate all symmetry elements in their appropriate posi- 

tions using standard symbols. (Such symmetry elements 

are rotational axes, mirrors, and glide planes; label glide 

planes with g.) In your overlay you will have abstracted 

the total symmetry content of the given six plane groups. 

You can compare your results with illustrations of the 17 

plane groups in Fig. 10.5. 
Figure 11.10 gives projected illustrations of several 

space lattices and their associated motif units. 

2. On the basis of the illustrations in this figure, deter- 
mine for each the lattice type and the location and 
presence of various symmetry elements. Do this by 
placing a transparent overlay over the page. Trace the 
outline of the unit cell but not the motif units. Name the 
unit cell type. Locate all symmetry elements, using stan- 
dard symbols in their appropriate positions. (Such 
symmetry elements are rotational axes; screw axes— 

indicate by s; mirrors; and glide planes—indicate by g.) 

In your overlay you will have abstracted the total sym- 
metry content of six of the 230 space groups. At this stage 
itis unnecessary to reveal the exact translation directions 
involved in screws and glides; we will do this more 
thoroughly in exercise 12. 



EXERCISE 11 
Student Name 

FIGURE 11.8 (a) Tetragonal lattice. (b) Hexagonal lattice and 
reference unit cells. (c) Orthorhombic lattice. (d) Monoclinic 
lattice with the b axis perpendicular to the page. 
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EXERCISE 11 
FIGURE 11.8 (continued) 
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EXERCISE 11 
FIGURE 11.9 Motif distributions according to six of the 17 
possible plane groups. 
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FIGURE 11.10 Six projected illustrations of space lattices and 

+d by +d by 

Student Name 

their associated motifs. 
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FIGURE 11.10 (continued) 
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EXERCISE 12 

SPACE GROUPS—AN INTRODUCTION TO THEIR 

GRAPHICAL REPRESENTATION 

PURPOSE OF EXERCISE 

To gain familiarity with and understanding of the gra- 
phical representations of the 230 space groups as in 
volume A of the International Tables for Crystallography. 

BACKGROUND INFORMATION: In exercises 2, 3, 7, 
and 8 we dealt with various aspects of the 32 point 
groups (= crystal classes), which represent nontransla- 
tional symmetry. In exercise 10 we introduced transla- 
tion and symmetry in one- and two-dimensional pat- 
terns, and in exercise 11 we introduced a purely transla- 
tional three-dimensional concept, the space lattice. We 
noted that there are 14 lattice types (knownas the Bravais 
lattices) distributed among the six crystal systems. In 
exercise 10 additional translational symmetry elements 
were mentioned as well: (1) screw axes, and (2) glide 
planes, both of which contain translation as part of their 
symmetry operation. A screw axis is defined asa rotational 
operation with a translation (t) parallel to the axis of rotation. 
A glide plane is defined as a mirror reflection with a transla- 
tion component parallel to the mirror. The various possible 
screw axis types, their graphical symbols, as wellas glide 
planes and their graphical symbols are given in Fig. 12.1 
and Tables 12.1 and 12.2. When all translational ele- 
ments—that is, lattice types, screw axes, and glide 
planes—are taken into account, in conjunction with the 
nontranslational symmetries of the 32 point groups, we 
arrive at 230 different ways in which all these combina- 
tions can be arranged in space. These are known as the 
230 space groups. The geometrical and mathematical 
derivation of these 230 possibilities is formidable and 
beyond the scope of an introductory mineralogy course. 
However, you may wish to look at an elegant mathe- 
matical treatment of the subject by Boisen and Gibbs 

(1985), or the more geometrical treatment by Buerger 

(1956). 
In this exercise we will restrict ourselves to an outline 

of space group nomenclature and the graphical repre- 

sentation thereof. A complete tabulation and associated 

illustrations of the 230 space groups are given in the 

International Tables for Crystallography, volume A, 1983. In 

the following remarks the conventions laid down in the 

International Tables will be followed. 

Every space group is expressed by an international (or 

Hermann-Mauguin) symbol. This consists first ofa capital 

letter that indicates the lattice type, followed by a state- 

ment of the essential symmetry elements. The second 

part of the space group symbol is analogous to that of the 

32 point groups; however, translational elements may be 

Copyright John Wiley & Sons, Inc. 

present in the symmetry statement of the space group, 
which by definition are absent in the analogous point 
group notations. This relationship of translational to 
translation-free symbolism is extremely useful, for if the 
space group notation is given, one can immediately 

derive therefrom the analogous point group symmetry 
and crystal system. For example, the space group /4, /a is 
related to the 4/m point group in the tetragonal system; 

the lattice type I is body-centered. The 4-fold screw axis 
(4,) is equivalent to a 4-fold rotation axis (parallel toc) as 
observed morphologically. The glide plane a, with a 

glide component of a/2, is equivalent to the mirror (m). 
A listing of the 230 space groups and their analogous 
(translation-free), isogonal* point groups are given in 
Table 12.3. In this table all 230 space groups are identified 
by the “long” or full Hermann—Mauguin symbol. Ex- 
amples are P2/m2/m2/m and P4/m2/m2/m. The com- 
monly used short symbols for these two space groups 
would be Pmmm and P4/mmm, respectively. In such 

“short” space group (and analogous point group) nota- 
tions, the 2-fold axes are implied as the result of the 

intersection of two mutually perpendicular mirror planes 
ina line of 2-fold symmetry. In the International Tables for 
Crystallography, full as well as short symbols are used. 
Here we will use only the more informative full symbols. 

Understanding the “cork screw” motion (right- 
handed, left-handed, or neutral) of screw axes, be it from 

perspective drawings of screw axes (Fig. 12.1) or in two- 
dimensional projections of screw axis symmetry (e.g., 
Manual of Mineralogy, 21st ed., Fig. 3.23, p. 131), is rela- 
tively straightforward. However, it may be useful to 

stress here that when we have determined that the c axis 
of a tetragonal crystal relates prism faces by a 4-fold 
rotation axis, this exact same vertical prism may well be 
the result of a 4-fold screw axis in the internal structure 
(see Fig. 12.2b). Morphologically we would have con- 
cluded 4-fold rotational symmetry, but the basic symme- 
try element may well have involved atomic (angstrom 
size) translations as implied by 4, (see Fig. 12.22). 

Although evaluation of the presence of screw axes or 
their direction of motion is relatively straightforward in 
the graphical representation of space groups, the visuali- 
zation of the various translations and translation direc- 
tions of glide planes may be somewhat more difficult. 
Table 12.2 gives the translational elements and graphical 

*Isogonal (from the Greek roots iso, equal, and gonio, meaning angle) 
implies that rotation and screw axes with the same rotational repeat 
have the same rotational angle (e.g., 60° in a 6-fold rotation and 6-fold 
screw axis). 

175 
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FIGURE 12.1 Repetitionof motif units by screw axes. The left 

column represents rotation axes and the columns to the right 

represent isogonal screw axes. The symbols at the top of the 

rotation and screw axes are internationally accepted. (From 

Manual of Mineralogy, 21st ed., p. 130.) 
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TABLE 12.1 Symbols for Symmetry Axes (All Graphical Symbols Are for Axes Normal to the Page, Unless 
Otherwise Noted) 

S : Graphical | Type of Translation P Graphical Type of Translation 
pis!) STILE |) eta (If Present) Staats Hable || haat a (If Present) 

1-fold rotation 4-fold rotation None 

ia 1-fold 4-fold screw Fe 
rotoinversion (right-handed) 

2 2-fold rotation v 4-fold screw 2 1 
(neutral) Ae ae: 

(parallel 

to paper) 4-fold screw 3¢ 
(left-handed) 

21 2-fold screw . 4-fold None 
rotoinversion 

ee ee 

(parallel 6-fold rotation None 
to paper) 

3 3-fold 6-fold screw ze 
rotation (right-handed) 

2 
3) 3-fold screw 6-fold screw 6° 

(right-handed) (right-handed) 

3, = i 

39 3-fold screw 6-fold screw 6 > 

(left-handed) (neutral) 

6-fold screw se 3 3-fold -fo 7 
rotoinversion 

(left-handed) 

6-fold screw 26 
(left-handed) 

6-fold None 
rotoinversion 

SOURCE: From Manual of Mineralogy, 21st ed., Table 3.3, p. 132. 
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TABLE 12.2 Symbols for Mirror and Glide Planes 

Graphical Symbol 

Symmetry 
Symbol Plane 

Parallel to 
Plane of Nature of Glide 
Projection* Translation 

Normal 
Plane of 
Projection 

glide 
plane 

a/4 + c/4; or a/4 + 
b/4 + c/4 (tetragonal 
and isometric) 

120° 
: None 

m Mirror 

a, b a/2 along [100] or 6/2 
along [010] 

Axial glide 
plane 

| a [aa 

n Diagonal a/2 + b/2; a/2 + c/2; 
glide 6/2 + c/2; or a/2 + 
plane b/2 + c/2 (tetragonal and 

isometric) 

d Diamond Lae al4 + 6/4; b/4 + c/4; 

*When planes are parallel to the paper, heights other than zero are indicated by writing the z coordinate 

next to the symbol (e.g., ; or >). The arrows indicate the direction of the glide component 

SOURCE: From International Tables for Crystallography, vol. A, 1983, D. Reidel Publishing Co., Dordrecht, The Netherlands. 



SPACE GROUPS—AN INTRODUCTION TO THEIR GRAPHICAL PRESENTATION 179 

TABLE 12.3 The 230 Space Groups, and the 32 Crystal Classes (Point Groups). 
The Space Group Symbols Are, in General, Unabbreviated. 

Crystal Class Space Group 

1 P1 

a Pl 
2 Por P27, C2 

m Pit Pe Cm, Cc 

2/m P2/m, P2,/m,C2/m, P2/c, P2,/ 6) G2/e 
222 22270222782 2.2,.P2,2,2,C292,,C222) F222, 1292, 12.2 >. 
mm2 Pmm2, Pmc2,, Pcc2, Pma2, Pca2,, Pne2, Pmn2,, Pba2, 

Pna2,, Pnn2; Cmm?2, Cmc2,, Ccc2, Amm2, Abm2, Ama2, 

Aba2, Fmmc, Fdd2, Imm2, Iba2, Ima2 

2/m2/m2/m P2/m2/m2/m, P2/n2/n2/n, P2/c2/c2/m, P2/b2/a2/n, P2,/m2/m2/a, P2/n2,/n2/a, P2/m2/n2,/a, 
P2,/c2/c2/a, P2,/b2,/a2/m, P27 ¢2,/c2/ 1, 2/62, /c2/ tn, P2,/n2,/n2/m, P2,/m2,/m2/n, PL UZ /{e2/ 0, 
P2,/b2,/c2,/a, P2,/n2,/m2, /a,C2/m2/c2/m, C2/m2/c2,/a,C2/m2/m2/m, C2/c2/c2/m, C2/m2/m2/a, 
C2/c2/c2/a, F2/m2/m2/m, F2/d2/d2/d,12/m2/m2/m, 12/b2/a2/m, 12/b2/c2/a, 12/m2/m2/a, 

4 P4, P4,, P4,, P4,, I4, I4, 

4 P4, 14 
4/m P4/m, P4,/m, P4/n, P4,/n, 14/m, I4,/a 

422 P422, P42,2, P4,22, P4,2,2, P4,22, P4,2,2, P4,22, P4,2,2, 1422, 14,22 
4mm P4mm, P4bm, P4,cm, P4,nm, PAcc, P4nc, P4,mc, P4,bc, 14mm, I4cm, I4,md, I4,cd 

42m P42m, P42c, P42,m, P42,c, P4m2, P4c2, P4b2, P4n2, I4m2, I4c2, 142m, 142d 
4/m2/m2/m P4/m2/m2/m, P4/m2/c2/c, P4/n?/b?/m, P4/n2/n2/c, P4/m2,/b2/m, P4/m2,/n2/c, P4/n2,/ m2/m, 

P4/n2,/c2/c,P4,/m2/m2/c, P4,/m2/c2/m, P4,/n2/b2/c, P4,/n2/n2/m, P4,/m2,/b2/c,P4,/m2,/n2/m, 

P4,/n2,/m2/c, P4,/n2,/c2/m, 14/m2/m2/m, 14/m?/c?/m, 14, /a2/m2/d, 14, /a2/c2/d 

3 P37 2 oil a5, BO 

3 P3, R3 
32. P3127 P321)P3,12, P3217 F312, P32), Roo 

3m P3m1, P31m, P3c1, P31c, R3m, R3c 
32/m P31m, P31c, P3m1, P3c1, R3m, R3c 
6 PO; P6 P6526, 6,7 P6, 

6 P6 
6/m P6/m, P6,/m 

622 P6227 7622/76 227P6,22,,P6,227 P6,22 

6mm P6mm, Pécc, P6,cm, P6,mc 

6m2 P6m2, P6c2, P62m, P62c 
6/m2/m2/m P6/m2/m2/m, P6/m2/c2/c, P6,/m2/c2/m, P6,/m2/m2/c 

DS P23, $20, 123,023,123 

2/m3 P2/m3, P2/n3, F2/m3, F2/d3, [2/m3, P2, /a3,12, /a3 

432 P432, P4,32, F432, F432, 1432, P4,32, P4,32, 14,32 

43m P43m, F43m, 143m, P43n, F43c, 143d 

4/m32/m P4/m32/m, P4/n32/n, P4,/m32/n, P4,/n32/m, F4/m32/m, F4/m32/c, P4,/d32/m, F4,/d32/c, [4/m32/m, 
14, /a32/d 

SOURCE: From International Tables for Crystallography, vol. A, 1983, D. Reidel Publishing Co., Dordrecht, The Netherlands. 
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FIGURE 12.2 (a) Repetitionand translation by a 4-fold screw 

axis ofatomic domains (ina crystal structure). (b) External faces 

on the crystal whose internal (vertical) axis is one of screw 

motion. 

(b) 

Copyright John Wiley & Sons, Inc. 
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symbols for all possible glide planes. Additional repre- 
sentations of the effects of glide planes on motif units are 
shown in Manual of Mineralogy, 21st ed., Fig. 3.25, p. 135. 
In order to interpret the types of standard representa- 
tions used in the International Tables for Crystallography, 
you will find it useful to study Fig. 12.3, which portrays 
glide translations and glide directions in a three-dimen- 
sional sketch as well as in projections. 

The goal in this exercise is an understanding of the 
types of illustrations (for space groups) as used in the 
International Tables for Crystallography, volume A. For 
each of the 230 space groups the International Tables show 
two diagrams, both of which are projections on the (001) 
or (0001) plane (down the c axis) unless otherwise noted. 
One such diagram shows the distribution of symmetry 
elements in a plan view of the unit cell, and the other 

diagram shows the location of all the motif units (in the 

general position) that result from the operation of the 
various symmetry and translational elements (see Fig. 
12.6 as an example). In this and earlier exercises we have 
commonly spoken about a motif unit and a symmetri- 
cally equivalent motif unit as generated by a specific 
symmetry element. For example, the left hand is re- 
flected into an equivalent right hand by a mirror. It is 
useful to generalize this concept with reference to points, 
instead of motif units. This leads to the definition of an 
equivalent point (or equipoint) as a point in a unit cell that 
is symmetrically related to any or all other such points 
through the operation of all symmetry and translational 
elements inherent in the unit cell. An equivalent point 
can be located in a special or a general position in a unit 
cell.* If the chosen point lies on asymmetry element such 
as a rotation axis or mirror plane, itis said to be in aspecial 
position because the point cannot be repeated by these 
symmetry operators. If the point, however, lies on a 
screw axis or glide plane, it is repeated by the operators 
even though ina special (or specialized) position. A gen- 
eral position is a locale in the unit cell that is removed 
from symmetry, translational, and coordinate axial ele- 
ments. As such, a general position is generally defined as 
one with coordinates x, y, and z, in the unit cell, where x, 

y, and z represent random fractions of the unit cell edge 

along the coordinate axes a, b, and c, respectively. The 

diagrams in the International Tables that show (001) or 
(0001) projections of atoms in the general position, there- 
fore, depict the distribution of these atoms (or motif 
units) ina random position, one that is unconstrained by 

symmetry or translational elements. Before we evaluate 
the conventional symmetry and general equipoint dia- 
grams as presented in the International Tables, it is in- 
structive to look at some interactions of symmetry ele- 

*See exercise 4 for an analogous discussion of special and general 
forms and exercise 11 for the definition of a motif in a special versus 
a general position. 

ments and equipoints, as shown graphically. Until now 
we have used a nonsymmetric motif unit (e. g., a capital 

P) to show the interrelation of symmetry and motif. The 
motif unit used in the International Tables is a small open 
circle, representing an atom in the general position. In 
the standard (001) projection plane it is customary not to 
label the axial direction. Unless otherwise indicated, the 

origin is assumed to be the top left corner of the illustra- 
tion with the positive direction of the b axis pointing 
toward the right (see top of Fig. 12.4). In Fig. 12.4 ex- 
amples of a 2-fold rotation and a 2-fold screw axis are 
shown as well as a mirror and various glide planes and 
a center of symmetry operating on an equipoint in the 

general position. The open circles represent equivalent 
positions (with general coordinates x, y, and z). An 
equipoint that has a “handed” (right- versus left-handed) 
relationship to another equipoint as through a mirror or 
glide reflection, or an inversion, is identified with a 

comma. The original general position is identified by the 
open circle, and an equipoint that is related to it by a 
reversal of hand is shown with the same small circle but 
with a comma inside. Figure 12.5 shows standard projec- 
tions of symmetry elements and equipoints on the (001) 
plane. The same convention for the right- versus left- 
handed relationship is shown by sequences of atoms al- 
ternatingly with and without commas. When two equi- 
points superimpose through the presence of a mirror 
parallel to (001), the projection surface, the equivalent 
points are split in half with a comma in one half (the 
heights along z are shown by + and -, or s+ and 57). 
When a mirror plane parallel to (001) crosses the unit cell 
at 4z (and the equivalent 4z), the symbol for the mirror 
is accompanied by a fractional notation (; in this case; see 
the last illustration in Fig. 12.5). Because of the location of 
sucha mirror plane, general equipoints with coordinates 
x, y, and z+ become upon reflection x, y, 5 —z,as shown 

in the illustration. 
With the foregoing background information, we 

should be ready to understand what the graphical repre- 
sentations of some relatively simple space groups mean. 
Keep in mind that the examples as well as assignments in 
this exercise are restricted to understanding some of the 
basic aspects of space group representation. If you wish 

to be challenged by some very complex and intricate 
space groupsymmetry and representations, look through 
pages 592 to 707 of volume A of the International Tables for 
Crystallography, where space groups in the isometric 
system are depicted. In Figs. 12.6 and 12.7 the top dia- 
grams (labeled a) show the distribution of symmetry 
elements in a plan view of the unit cell, and the lower 

diagrams (labeled b) show the location of equipoints in 
the general position, commensurate with the informa- 

tion given ina. Figure 12.6 represents the orthorhombic 
space group P2/b2/a2/n, for which the short symbol is 
Pban, and the isogonal point group symbols are 
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FIGURE 12.3 (a) Sketch of the various glide planes and their perpendicular to the standard plane of projection. (Adopted 

translation components with reference to orthorhombic coor- from Figs. 7.9 and 7.11 in Crystallography and Crystal Che
mistry: 

dinate axes. (b) Symbols for glide and mirror planes when such An Introduction, by F. Donald Bloss, copyright © 1971, by Holt, 

planes are parallel to the plane of projection 

(c) Symbols for glide and mirror planes when such planes are 
(001) or (0001). Rinehart, and Winston, Inc., New York, reprinted by permis- 

sion of the publisher.). 

Planes 
il (001) 

(a) 

Planes Il (100) 

(c) 

Copyright John Wiley & Sons, Inc. 



SPACE GROUPS—AN INTRODUCTION TO THEIR GRAPHICAL PRESENTATION 183 

FIGURE 12.4 Graphical representation of equipoints, 2-fold 
and 2-fold screw axes, mirror and glide planes, as well as a 
center of symmetry on the standard (001) projection. 

+z 
ay 

+x 

General coordinate 

axis orientation 

©): @: 

2-fold rotation parallel to 6 

OF @: 
Mirror plane parallel to 

(100) 

Glide plane with glide 
component parallel to c; plane 

parallel to (100) 

CQ Or © 
}—— >_< — »—<- oe ——-j—=< —d 

3 1 Ona 
Diamond glide plane 

parallel to (100) 

Copyright John Wiley & Sons, Inc. 
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<IGURE 12.5 Graphical representation of mirror and glide 
planes onto the (001) projection when such mirrors and/or 
glide planes are parallel to the plane of projection. 
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In this figure the symmetry 
plane is parallel to (001). 
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glide component 
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FIGURE 12.6 Conventional diagrams for space group 
P2/b2/a2/n. (From: The International Tables for Crystallography, 
vol. A, 1983, D. Reidel Publishing Co., Dordrecht, The Nether- 
lands, p. 260.) 

P2/b2/a2in Pban Orthorhombic 

(a) 

() 
ea) 

Copyright John Wiley & Sons, Inc. 
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FIGURE 12.7. Conventional diagrams for space group Imm2. 

(From The International Tables for Crystallography, vol. A, 1983, 

D. Reidel Publishing Co., Dordrecht, The Netherlands, p. 246). 

Imm2 Orthorhombic 

(a) 

(6) 

Copyright John Wiley & Sons, Inc. 
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2/m2/m2/m,and mmm, respectively. Figure 12.6a shows 
the presence of 2-fold rotation axes along thea, b, and c 
crystallographic axes. (Note that 2-fold axes perpendicu- 
lar to the page are shown by the standard symbol used in 
point group notation, but by full arrows when parallel to 
the plane of projection.) No mirrors, only glide planes, 
are present as shown in the space group notation. Two 
glide planes (with axial glides parallel to b and a) are 
shown intersecting the a and b axes at 5a and <a, and +b 
and 5b, respectively. The diagonal glide plane is perpen- 
dicular to the c axis and its presence is shown by the 
symbol at the top left. Centers of symmetry are present 
in four locations in the unit cell, located at , 40; ;, 

aera ake and > re =,0, in terms of x, y, and z coordinates. 

Figure 12.6b shows the location and distribution of the 
general equivalent positions for this space group. This 
diagram reveals clearly why there is a central 2-fold axis 
parallel to the c axis; it is shown in the central cluster of 

equipoints, a cluster that is equivalent to any of the four 
corner clusters because of the n glide. Study Fig. 12.6b 
carefully and convince yourself that you can locate all the 
symmetry elements shown in Fig. 12.6a by the distribu- 
tion of general equipoints shown here. It is noteworthy 
that the number of general equivalent positions in a 
space group with a P lattice is equal to the number of 
planes in the general form {hkl} of the corresponding 
point group. The general form in 2/m2/m2/m is arhom- 
bic dipyramid with eight faces; in Fig. 12.6b there are 
eight general positions within the unit cell. Such a simple 
relationship does not hold for centered unit cells. 

Figure 12.7 shows the orthorhombicspace groupImm2, 
which is isogonal with point group mm2. Figure 12.7a 
locates the symmetry elements (mirrors and 2-fold axes) 
in the unit cell. Because the unit cell is body-centered, 
additional symmetry elements occur as well (see also 
exercise 10), namely diagonal glide planes parallel toa 
and b, and 2-fold screw axes parallel to c that are inter- 

leaved with the 2-fold rotation axes. Figure 12.7b shows 
the location and distribution of the general equivalent 

_ positions for this space group. Again, as in Fig. 12.6b, 
study the location of these equivalent points with care so 
that you can account for each of their locations and 
relations in terms of the symmetry and translational 

elements shown in Fig. 12.7a. 
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MATERIALS 

Illustrations in Figs. 12.8, 12.9, 12.10 and 12.11; some 

translucent overlays, ruler, soft pencil, and eraser. The il- 

lustrations on these four pages have been taken, with 
some omissions, from the International Tables for Crystal- 
lography. As you will wish your final, completed assign- 
ment to be of high quality and neatness, you may decide 
to photocopy each of these figures several times for some 
rough sketch work. 

ASSIGNMENT: Theillustrations in Figs. 12.8 to 12.11 are 
direct reproductions from the International Tables for 
Crystallography, except for the omission of some informa- 
tion. This exercise consists of inserting the omitted infor- 
mation in accordance with the data provided. You will 
be asked to fill in (1) the symmetry elements on the basis 
of the distribution of equipoints and (2) the location of 
equipoints on the basis of symmetry elements provided. 
Your final diagrams should be carefully constructed, 
and you must use the internationally accepted symbols 
for symmetry elements as given in Figs. 12.1 and 12.3 and 
Tables 12.1 and 12.2. As noted earlier, you may wish todo 
some preliminary sketch work on photocopies of the as- 
signment illustrations. Your final interpretation can be 
done directly on the figures, or even better on a transpar- 
ent overlay. 

1. In Fig. 12.8 the space group is given as Pmm2. The 
symmetry is illustrated in the top diagram. You are 
asked to complete in the unit cell outline in the lower 
half of the page the distribution of the general equiva- 
lent points on the basis of this symmetry content. The 
location of a general equipoint is given in the lower 
diagram. 

2. Inthe upper part of Fig. 12.9 youare provided with the 
general equivalent point distribution for space group 
P2, /m2, /m2/n. In the lower half you are asked to 

locate all the symmetry elements compatible with this 
space group notation and equipoint distribution. Make 
sure you use the standard symbols. 

3. In Fig. 12.10 you are provided only with the distribu- 
tion of general equipoints ina tetragonal unit cell. You 
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are asked to provide in the lower half of the figure all 
the symmetry elements compatible with the diagram 
at the top. You should also give the space group nota- 
tion. 

. Figure 12.11 shows the symmetry content for mono- 
clinic space group P2/m. Here the unique 2-fold axis 

Because a mirror is present parallel to the plane of 
projection, there must be superposition of equivalent 
points—see Fig. 12.5 for illustrations of how such 
superimposed points must be represented. 

When all the illustrations are completed, hand your 
most careful and neatest effort to the instructor. He or she 
may wish to show you the published results as given in 
the International Tables for Crystallography. 

is chosen as perpendicular to the page. The a and c 
axes are identified. In the lower half of the diagram 
you are asked to locate all the general equivalent 
points compatible with this space group notation. 
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FIGURE 12.8 Assignment on equivalent points in a space 
group representation. 

Student Name 

Pmm2 
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EXERCISE 12 
FIGURE 12.9 Assignment on symmetry content in a space 
group representation. 

Student Name 
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FIGURE 12.10 Assignment on symmetry content ina space 
group representation. 

Student Name 
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FIGURE 12.11 Assignment on equivalent points in a space 
group representation. 

Student Name 

P2/m 
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EXERCISE 13 

RECOGNITION OF SPACE GROUP ELEMENTS 

IN CRYSTAL STRUCTURES 

PURPOSE OF EXERCISE 

To gain familiarity with space group elements (lattice 
type, rotation and screw axes, mirrors, and glide planes) 
inherent in crystal structures. Such elements are most 
easily observed and located in models of crystal struc- 
tures (ball and stick models, or polyhedral models), but 

in this exercise we are restricted to the study of two- 
dimensional projections of crystal structures. The availa- 
bility of some of the appropriate crystal structure models 
will greatly enhance this exercise. 

BACKGROUND INFORMATION: In exercises 11 and 
12 you were introduced to the various operations of 

space group elements, as revealed by the distribution 
and orientation of motif units. In the present exercise no 
new concepts will be introduced, except that motif units 
in real crystal structures are atoms, ions, ionic groups, 
and clusters of ions, instead of the abstract commas, 

circles, or capital Ps used earlier. For example, lattice 

translation (that is, lattice type) is expressed by the 
location of identical clusters of atoms or ions or ionic 
groups. The only aspect of this exercise that is different 
from what we did in exercises 11 and 12 is the notation for 
the location of atoms (or ions) in a two-dimensional 
projection. When a crystal structure is projected onto a 
two-dimensional page, the plane of projection is identi- 
fied [e.g., (001), or (0001), or (010), etc.], the actual loca- 

tions in such a projection of the centers of the atoms (or 
ions), that is, the x and y coordinates of these centers, are 

shown graphically. The third dimension, that of the z 
coordinate of the atom’s center, is commonly shown by 
a number that represents the height of that atom above 
(or below) the plane of projection, in terms of the percent 
of the unit cell length along the z direction. Figure 13.1a 
shows a unit cell of low quartz projected down the c axis 
onto the (0001) plane. This is an open “ball and stick” 
representation of the low quartz structure. Balls repre- 
sent the ions and sticks connect nearest neighbors. The 
numbers next to the Si and O ions specify their z coordi- 
nates. Figure 13.1b shows the location of the space group 

elements that are compatible with this structural ar- 

rangement of SiO, tetrahedra. The space group notation 

for this arrangement is P3,21, or P3,21. The vertical 

3-fold screw axes are shownas wellas the locations of the 

horizontal 2-fold screw and 2-fold rotation axes. The 

numbers next to the axes define the z coordinates of the 

axes. For example :, 5 next to a 2-fold screw axis means 

that two such horizontal screw axes are present in the 

Copyright John Wiley & Sons, Inc. 

unit cell, at heights z= , and z= . Figure 13.1cshows the 

standard space group representation for symmetry ele- 
ments and lattice type of P3,21. Figure 13.2 shows a 
polyhedral representation of the structure of low quartz, 

this time with the enantiomorphous space group P3,21. 
In this figure only a few space group elements are iden- 
tified, and only the z coordinates of the Si ions are noted 
as fractions. 

The space group elements that are probably most 
difficult to discern in a two-dimensional projection of a 
crystal structure are the elements (mirrors, glide planes, 
rotational and screw axes) that are parallel to the plane of 
projection. The location and the position of the 2-fold 
rotation and 2, screw axes parallel to (0001) in the low 
quartz structure (see Fig. 13.1) are examples. Discerning 
elements is much less of a problem when you deal with 
an actual three-dimensional atomic model of a crystal 
structure. 

In this exercise we will introduce you stepwise into 
the evaluation of space group elements in two-dimen- 
sional projections, beginning with relatively simple struc- 
tures and leading you into more complex structures at 
the end. 
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MATERIALS 

Figures 13.3 through 13.9, ruler, protractor, soft pencil, 
and eraser. Sheets of transparent paper are helpful if you 
wish to trace neat space group representations on the 

basis of the structures given. You may find that locating 
and interpreting space group operators are the most dif- 
ficult when these are parallel to the plane of projection; 
you will find this work easier in crystal structure models 
than on projections. Therefore, if crystal structure mod- 
els are available, use them to aid your understanding of 

197 
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FIGURE 13.1 (a) The unit cell of the structure of low quartz 

projected on (0001). (b) Space group elements with the low 

quartz structure. (c) Standard representation of space group 

elements for P3,21. 

© = oxygen 

@ = silicon 

Projections on (0001) 

2 3 ) Copyright John Wiley & Sons, Inc. 
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FIGURE 13.2 Projection of the low quartz structure, in poly- 
hedral representation, onto (0001). This structure has space 
group P3,21. The z coordinates are given only for the centers of 
the Si atoms. (After J. J. Papike and M. Cameron, 1976, Reviews 
of Geophysics and Space Physics, vol.14, p. 63.) 

Copyright John Wiley & Sons, Inc. 
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space group elements as derived from structures. The 
most important crystal structure models for this exercise 
are hexagonal closest packing, epidote, sanidine, and 
clinopyroxene (diopside). 

ASSIGNMENTS: The assignments are based on the 
structure projections in Figs. 13.3 to 13.9. For each of the 
illustrations you will be asked to determine and to locate 
a lattice (type), and all other space group elements. The 
best way to show space group elements and their nota- 
tion is by standard graphical representations as dis- 
cussed in exercise 12. Such illustrations are best derived 
by putting a transparent overlay over the structure pro- 
jection and outlining lattice type and other space group 
elements with the standard symbols given in exercises 11 
and 12. 

The following comments, specific to each of the struc- 
ture illustrations, should aid you in the process of deriv- 
ing space group elements from structure projections. 

1. Figure 13.3a. This represents a vertical stacking of 
equal-sized spheres. You would obtain such a struc- 
tureif you very carefully glued acubic arrangement of 
eight Ping-Pong balls. Figure 13.3b is the projection of 
this two-layer arrangement onto the base. Morespheres 
are shown than in Fig. 13.3a to provide you with 
additional space for the exercise. 

Assignment: (a) Locate the coordinate axes and 
label them. (b) Locate all symmetry elements that you 
note perpendicular as well as parallel to the page of 
projection. (c) Give the space group notation. (d) Trace 
a graphical illustration of the space group onto a 
transparent overlay. 

2. Figure 13.3c. This represents a vertical stacking of 
equal-sized spheres. You would obtain such a struc- 
ture if you very carefully glued together two hexago- 
nal arrays of Ping-Pong balls. Figure 13.3d is the 
projection of this two-layer arrangement onto the 
base. More spheres are shown than in Fig. 13.3c to 
provide you with additional space for the exercise. 

Assignment: Do the same as requested for assign- 

ment 1, points a through d. 

. Figure 13.4. Hexagonal closest packing of equal-sized 

spheres in an ABABABA....sequence. See item 1 for the 

various steps in the assignment. This assignment is 

best visualized with a model, or with several layers of 

glued Ping-Pong balls. 

. Figure 13.5. Structure of orthorhombic hemimorphite. 

(a) Outline a unit cell; give cell type. (b) Locate all 

space group elements in this unit cell. (c) Give a space 

group notation. (d) Trace a graphical illustration of 

the space group on transparent paper. 

. Figure 13.6. The low-temperature structure of acan- 

thite. (a) Outline a unit cell; give its type; measure the 
nonorthogonal angle. (b) Locate all space group ele- 
ments in the unit cell (those perpendicular as well as 
parallel to the page of projection). (c) Give a space 
group notation. (d) Trace a graphical illustration of 
the space group on transparent paper. 

. Figure 13.7. The structure of epidote. (a) Outline a unit 
cell; give its type; measure the nonorthogonal angle. 
(b) Locate all space group elements in the unit cell. (c) 
Give a space group notation. (d) Trace a graphical il- 
lustration of the space group on transparent paper. 

. Figure 13.8a. The structure of high-temperature 
KAISi,O,, sanidine. (a) Outline a unit cell; the cell is c- 

centered; measure the B angle. (b) Locate all space 
group elements in the unit cell. (c) Using Fig. 13.85, 
identify and locate any additional space group ele- 
ments. (d) Give a space group notation. (e) Trace a 
graphical illustration of the space group using Fig. 
13.84. 

. Figure 13.9a. The structure of diopside. (a) In the 
outlined unit cell measure the B angle; this is a c- 

centered cell. (b) Locate all space group elements in 
the unit cell. (c) Using Fig. 13.9b identify and locate 
any additional space elements. (d) Give a space group 
notation. (e) Trace a graphical illustration of the space 
group using Fig. 13.9a. 



EXERCISE 13 
Student Name 

FIGURE 13.3 (a) Three-dimensional arrangement of equal- (c) Three-dimensional arrangement of equal-sized spheres 
sized spheres known as simple cubic stacking. The bottom known as simple hexagonal stacking. (d) Projection of the 
layer of spheres is identified by 0 and the top layer by 1 (these arrangement in part c along the z (= c) axis. 
numbers represent the distances along the z coordinate). 

: ee 

(b) Projection of the arrangement in part a along the z (=c) axis. 

Simple cubic stacking Sesi 

Space group: --------— cc 

(a) 

Simple hexagonal stacking 

Space group: —--—----— 
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EXERCISE 13 
FIGURE 13.4 (a) Three-dimensional stacking of equal-sized 
spheres in “hexagonal closest packing.” Spheres in the 0 and 1 
levels (along the z coordinate) are located in the A position; 
spheres in the interlayer (at 3 along z) are located in the dimples 
marked B. (b) Projection of the arrangement in part a along the 
Zz (=c) axis. 

Student Name 

Hexagonal closest 
(a) packing: ABABA........... F 

Space group: —- -———-—— — 

hes 

pace group 
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EXERCISE 13 
Student Name 

FIGURE 13.5 The orthorhombic structure of hemimorphite- 
Zn,(Si,O,)(OH), *H,O-projected on (001). Notice the isolated 
water molecules. (Modified after L. Bragg and G. F. Claring- 
bull, 1965, Crystal Structures of Minerals, p. 202), copyright © 
1965 by G. Bell and Sons Ltd., used by permission of Cornell 
University Press, Ithaca, N.Y.) 

Space group: ——---——-— 

205 Copyright John Wiley & Sons, Inc. 





EXERCISE 13 
FIGURE 13.6 The structure of acanthite, Ag,S, projected on 
(010). (Modified after L. Bragg and G. F. Claringbull, 1965, 
Crystal Structures of Minerals, p. 47, copyright © 1965, by G. Bell 
and Sons Ltd., used by permission of Cornell University Press, 
Ithaca, N.Y.) 

Student Name 

: 4.23 e oceare 

° 

=e —y 191 9 Oa, — 

: 
Space group: —-----—-—-—— 

207 
Copyright John Wiley & Sons, Inc. 



a> AE Qure aA o_o 
sidat alert - Peds 
je” Jule. > ¢ 4 

owl own iat] Mere 

on 

m bn 

-“«. 

‘ 

i . ; < 

Pe ae ‘ 3 
‘ il 

aT? 

‘ - 

. a x \ 

— s 

Lo ( - 
‘\# , 

oi ‘ . 
> } 4 PA 

4 é ee 

¥ et \ 

bat: \ 4 
Se 

3 



EXERCISE 13 
FIGURE 13.7 The structure of epidote—Ca,(Al, 

Fe)ALO(SiO,)(Si,O,)(OH)—projected on (010). Si-O bonds are 
solid. Superimposed oxygens are symmetrically displaced. 
(Modified after L. Bragg and G. F. Claringbull, 1965, Crystal 
Structures of Minerals, p. 210, copyright © 1965, by G. Bell and 
Sons Ltd., used by permission of Cornell University Press, 
Ithaca, N.Y.). @) )25 

Student Name 

Space group: -------— 

209 
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EXERCISE 13 
FIGURE 13.8 (a) The structure of sanidine, KAISi,O,, pro- 
jected on (010). Only atoms in the lower half of the unit cell are 
shown, those in the upper half are their reflections by a mirror 
at height 50. (Modified after L. Bragg and G. F. Claringbull, 
1965, Crystal Structures of Minerals, p. 297, copyright © 1965, by 

Space group: -—-——-—— 

(b) 

Copyright John Wiley & Sons, Inc. 

Student Name 

G. Bell and Sons Ltd., used by permission of Cornell University 
Press, Ithaca, N.Y.) (b) Polyhedral representation of the struc- 
ture of sanidine projected on (201). (From Manual of Mineralogy, 
21st ed., Fig. 13.118, p. 533; after J. J. Papike and M. Cameron, 

1976, Reviews of Geophysics and Space Physics, vol.14, p.66.) 
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EXERCISE 13 
FIGURE 13.9 (a). The structure of diopside, CaMg5Si,O,, 
projected on (010). (After L. Bragg and G. F. Claringbull, 1965, 
Crystal Structures of Minerals, p. 231,opyright © 1965, by G. Bell 
and Sons Ltd., used by permission of Cornell University Press, 

Space group: 

(b) 

Copyright John Wiley & Sons, Inc. 

Student Name 

Ithaca, N.Y.) (b) Polyhedral representation of the structure of 
diopside projected on (100). (From Manual of Mineralogy, 21st 
ed., p. 477; after J. J. Papike and M. Cameron, 1976, Reviews of 
Geophysics and Space Physics, vol.14, p.66.) 

Si03 chains 
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EXERCISE 14 

IDENTIFICATION OF AN UNKNOWN 

BY X-RAY POWDER DIFFRACTION FILM 

PURPOSE OF EXERCISE 

To gain an understanding of the various steps involved 
in the identification of a crystalline substance using the 
photographic record (film) of its diffraction pattern from 
a powdered sample. You will need to refer to the Powder 
Diffraction File published by the Joint Committee for 
Powder Diffraction Standards (JCPDS). 

BACKGROUND INFORMATION: Irradiating pow- 
dered material with X rays and analyzing the results of 
this interaction on film is a relatively simple and very 
powerful technique in the unambiguous identification 
of minerals. In this exercise we will concern ourselves 
only with the handling and interpretation of the results 
of such an experiment, as provided by a record of diffrac- 
tion arcs on a strip film. You are referred to any of the 
references given later for an introduction to the physics 
of X rays and the processes that occur when crystalline 
materials interact witha high-intensity X-ray beam.Some 
of you may have the opportunity to observe X-ray equip- 

ment in a research laboratory at your college or univer- 
sity; however, few of you will probably gain any hands- 
on experience in sucha laboratory. If you do, so much the 
better. Here it is assumed that you have some basic 
understanding of the physical processes involved, but 
that you will not be doing any X-ray experiments your- 
self. This exercise will present you with a drawing of an 
X-ray powder film on which you can do various meas- 
urements to identify the substance. 

In the most commonly used X-ray powder film tech- 
niquea powdered sample is irradiated with X rays inside 
a metal camera that contains a strip film. Figure 14.1a 
shows such a camera with a strip film wrapped flush 
against its inner cylindical wall, and a spindle of pow- 
dered material in its center. Such a camera is commonly 
called a powder camera, or a Debye-Scherrer camera after 
the two German scientists who discovered that there is a 
characteristic diffraction pattern from powdered crys- 
talline materials. Figures 14.1b and c show the circular 
form of the strip film when it is inside the camera, as well 

as its appearance when it is stretched out horizontally. 

The general distribution of arcs (commonly referred to as 

X-ray diffraction lines) is also shown. Notice also that the 

strip film has two holes, one (hole 1) to let the X rays into 

the camera for interaction with the powdered sample, 

and the other (hole 2) to let the undiffracted part of the 

beam out (in a straight line from its position of entry). It 

is stopped by lead glass at the end of the beam catcher. A 

Copyright John Wiley & Sons, Inc. 

mechanical cutter is used to cut these holes; if the film 

were not eliminated in these two places, it would very 
quickly become opaque owing to the intense X-ray 
bombardment. The diffraction arcs on the film are con- 
centric about the two holes as shown in Fig. 14.1c. X-ray 
powder cameras are commonly manufactured so that 
the distance between the center of the left arcs (located 
inside the left-hand hole of the film) and the center of the 
right arcs (inside the right-hand hole of the film) is 180 
mm; such a camera has a radius of 57.3 mm. Referring 
back to Fig. 14.1b, it is obvious that the arc subtended 
between the center of the left entry port and the center of 
the right exit port of the camera is 180°. A camera witha 
radius of 57.3 mm therefore provides a 180-mm distance 
for 180 degrees of arc. In other words, each millimeter 
measured along the film equals 1°. 

The irradiated powder at the center of the camera 
consists of a small amount of very finely ground mineral 
mixed with a binder, such as flexible collodion or Duco 

cement. A similar mount can also be obtained by filling 
a very fine capillary tube (made of lead-free glass) with 
a powdered sample. 

The exposure time necessary to produce a well-devel- 
oped X-ray powder film from a powdered sample may 
range from several hours up to 20 hours. The exposure 
time depends on many factors, among them (1) the 
amount of powdered material in the spindle, (2) the 
intensity of the X-ray tube used, and (3) the chemical 
composition of the sample being irradiated. 

After exposure, the film is developed and fixed using 

standard darkroom procedures. When it has completely 
dried, it is ready for measurement and interpretation. A 
black-line drawing of such a film is shown in Fig. 14.2a. 
In an X-ray laboratory the original film (essentially trans- 
parent except for the regions of darkening where the arcs 
are) would be viewed ona light box and measured using 
a highly accurate metric scale. 

In Fig. 14.2a several aspects of the appropriate meas- 
urement of such a film are illustrated and tabulated. All 
X-ray lines are numbered from left to right. Two arcs that 
are part of the same cone are given the same number. The 
locations of the lines are measured with a millimeter 
scale along the central line of the film. (The zero mark of 
such a scale is most conveniently located to the left of the 
last line on the left.) The millimeter measurements are 
indicated by x,, x,, x,, etc. The locations (in millimeters) 

for pairs are shown as x, and xt, etc. The method by which 
the left center and the right center of the diffraction cones 
are obtained is shown in point 2 of Fig. 14.2a. To obtain 
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216 EXERCISE 14 

FIGURE 14.1 (a) Metal powder diffraction camera, with strip 

film flush against its cylindrical wall. The film is shown sche- 

matically by the pattern of diffraction arcs. Two concentric 

cones of diffraction are shown as well around film hole 2. (b) 

The strip film shown in the cylindrical shape in which it is 

fastened inside the powder camera. The continuous film strip 

X rays in 
through 

film hole 1 

(a) 

Split in strip film 
toward top inside Re 

camera 

(b) 

hole 1 

Pa —s, 

a \ 
A \ 

/ Film hole 2 

(c) 

Center 

between the two centers (inside holes 1 and 2) represents 180° 

of arc. (c) The conventional and flat orientation of the strip film 

after exposure. Film hole 2 is positioned at the left. Several 

dashed circles show that many diffraction arcs appear in pairs, 

as left- and right-hand parts of the same diffraction cone (see 

also part a). 

Direction of 

Film nondiffracted beam 

Center-to-center arc = 180° 

Film hole 1 

Subtended arc 
=" 180 Center 

Copyright John Wiley & Sons, Inc. 
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IDENTIFICATION OF AN UNKNOWN BY X-RAY POWDER DIFFRACTION FILM 219 

a properly increasing progression of millimeter values 
from the left center to the right center (this distance is 180 
mm), we subtract the location of the left center from all 
readings to the right, until the right center is reached (see 
Table 13.1). 

In Fig. 14.2b a metric scale has been superimposed on 
a drawing of an actual film in such a way that it is exactly 
centered along the horizontal centers of the arcs. The size 
of the illustrated film is identical to that of the original 
film with parts of the left and right ends cut off because 
the vertical dimension of the printed page is less than the 
actual film length. This type of film, with two holes and 
the ends of the strip located inside the top of the camera 
(see Fig. 14.1b), is known as a Straumanis mounting. 

With the aid of the metric scale two reference loca- 
tions can be obtained for the film. The exact center of the 
left-hand arcs can be located by bisecting the distance 
between the corresponding diffraction lines (they are 
two arcs which, when connected, form one circle) on 

both sides of the hole in the film. This is illustrated sche- 
matically in Fig. 14.2b. The location of one of the left 
diffraction arcs is x; (in millimeters) and the equivalent 
right arc is x, (again in millimeters). The center of these 
two arcs (that is, the center of the one and the same 

diffraction cone of which these two curves are the left- 
and right-hand parts) is found at (x + x,)/2. The center 
of the diffraction arcs at the right hand of the film can be 
located ina similar way (see note 2 on Fig. 14.2). If the film 
has not shrunk or expanded (which happens mainly 
during developing and fixing techniques and subse- 
quent drying in the darkroom), the distance between the 
right and left centers is 180 mm. (The camera was specifi- 
cally constructed to yield this distance.) In Fig. 14.2b the 
drawing was made with the centers exactly 180 mm 
apart; however, printing and paper stretching (or shrink- 
ing) may change this a little. If the distance is less than 180 
mm, the film is said to have shrunk; if it is greater than 

180 mm, it is said to have stretched. In either case a 

shrinkage (or stretching) correction can be applied, but 

we will not pursue this correction further. 

Now that the locations of the left and right centers are 
known, you can proceed to measure the locations of all 
the diffraction lines (between the left and right centers) 
with respect to the location of the left center (in hole 2). 
That is, once you have obtained the millimeter location of 
each of the lines, you subtract from it the value for the left 

center (see Table 14.2). In this way you have set the left 
center as the 0-mm position, and all your other measure- 
ments should increase, in an orderly fashion, from left to 

right toward larger millimeter values. (These values 
should be tabulated in Table 14.2, as requested in the 
assignment.) Because of the direct correspondence be- 
tween the distance of 1 mm and one degree of arc, the 
millimeter values are equivalent to degrees of arc (for 
diffraction cones). The position of a diffraction cone is 

expressed in degrees of angle of diffraction known as 20; 
see Fig. 14.3. This angular measurement can be related 
via the Bragg equation to the corresponding interplanar 
spacing (d) in the crystalline substance. The Bragg equa- 
tion states that 

nX = 2dsin®@ 

where n is an integer such as1, 2, or 3 for first-, second-, 
and third-order reflections. Here n is assumed to be 1 in 
the solving of the equation. The wavelength of the X ra- 
diation used is A. The film in Fig. 14.2b was obtained with 
CuKo radiation with A = 1.5418 A. The interplanar spac- 
ings of the crystalline material under investigation are 
designated by d, and 6 is the angle of diffraction. 

Before we solve the Bragg equation, two of the para- 
meters in the equation, namely 4 and 8, need some 

further discussion. An X-ray beam that is generated 
inside an X-ray tube by the interaction of electron bom- 
bardment ona specific metal target (e.g., Cu or Fe or Mo, 
etc.) is said to be characteristic of the target metal used. 
In other words, a Cu target tube emits X radiation that is 

specifically related to Cu. The characteristic beam that 
results is not completely monochromatic (meaning of a 
single wavelength) but shows a spectrum of a few peaks 
at different wavelengths. For a Cu X-ray tube the range 
of wavelengths of the K spectrum is as follows: 

CuKB at 1.39217A 
CuKo, at 1.54051A 
CuKo, at 1.54433 A 

In other words, the CuK spectrum consists of three 

peaks, two of which (a, and ©,) almost overlap in wave- 
length. Standard filtering methods eliminate almost all 
the KB radiation before the X-ray beam enters the X-ray 
camera. However, the a, and a, double peaks remain 

and may resolve into two arcs or peak reflections from 
the same internal plane in a structure, but generally only 
at high angles of diffraction (higher than 90° 26, in the 

region marked “back reflection” in Fig. 14.2). In the 
region of lower angles of diffraction, a weighted average 
of the wavelengths for the , and «, spectral lines is used 
and is referred to as CuK@ at 1.5418 A. Although CuK 
radiation was used as an example, similar peak distribu- 

tions (at different A values) occur for the K spectra of 
other metals. In solving the Bragg equation for diffrac- 
tion lines in the drawing of Fig. 14.2b, we use the wave- 

length of CuKa@ = 1.54178 A for all the lines, except 

for the doublet around the right-hand hole of the film. 
This doublet represents one and the same lattice plane 
but has been resolved into two diffraction lines because 
of the difference in A for CuKa, and CuKa, radiation. 

Another aspect of the Bragg equation that needs 
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TABLE 14.1 Table for the Determination of d for 0.1 Intervals o f 20, Using CuKo 

Radiation (A = 1.5418 A) for the Solution to the Bragg Equation, nr = 2dsin9. 

20 0 1 2, 3 4 5 6 of 8 oo, 

44.1716 42.068 40.1564 38.410 36.8105 35.338 33.979 32721 31-552 30.464 

3 29.446 28.499 37.509 26.773 25.986 25.243 24.542 23.879 25201 22.655 

4 22.089 PA ASV? 21.037 20.548 20.082 19.636 19.209 18.800 18.409 18.034 

5 17.673 17327, 16.994 18.673 16.365 16.068 15.781 15.504 15237, 14.979 

6 14.730 14.488 14.2551 14.029 13.810 13.598 133392 13.192 12.988 12.810 

a 12.626 12.450 pay 12.109 11.946 11.787 11.632 11.481 11.334 TIA 

8 11.0513 10.915 10.782 10.652 10.526 10.402 10.281 10.163 10.048 9.9355 

9 9.8255 9.7176 9.6124 9.5091 9.4082 9.3093 9.2126 9.1178 9.0250 8.9341 

10 8.8450 8.7576 8.6721 8.5880 8.5057 8.4249 8.3456 8.2678 8.1915 8.1166 

11 8.0432 7.9708 7.8998 7.8302 71017 7.6944 7.6283 7.5634 7.4995 7.4367 

2 7.3730 7.3142 7.2543 HSGEY/ 7.1379 7.0810 7.0251 6.9699 6.9157 6.8624 

Ne) 6.8098 6.7580 6.7071 6.6589 6.6074 6.5587 6.5107 6.4634 6.4168 6.3708 

14 6.3256 6.2809 6.2368 6.1935 6.1507 6.1085 6.0669 6.0259 5.9854 5.9454 

15 5.9060 5.8671 5.8288 5.7909 5.7535 5.7166 5.6802 5.6442 5.6088 5.5737 

16 Doo | 5.5049 5.4711 5.4378 5.4049 5.3/23 5.3402 5.3084 pag 5.2461 

iW 5.2154 5.1852 Byllsjey2 Bells 5.0964 5.0675 5.0390 5.0107 4.9828 4.9552 

18 4.9279 4.9009 4.8742 4.8478 4.8216 4.7958 4.7702 4.7450 4.7199 4.6952 

19 4.6707 4.6465 4.6225 4.5988 4.5753 4.5521 4.5291 4.5063 4.4838 4.4615 

20 4.4394 4.4175 4.3959 4.3744 4.3532 4.3322 4.3114 4.2908 4.2704 4.2502 

Dit 4.2302 4.2103 4.1907 4.1713 4.1520 4.1329 4.1140 4.0953 4.0767 4.0583 

22 4.0401 4.0220 4.0042 3.9864 3.9689 3951S 3.9342 0 Lal 3.9001 3.8833 

25 3.8667 3.8502 3.8338 3.8176 3.8015 3.7855 2097 3.7540 3.7385 3725) 

24 3.7078 3.6926 3.6776 3.6627 3.6479 3.6332 3.6187 3.6043 3.5900 3.5758 

25 3.5617 3.5477 he By) 3.5201 3.5065 3.4930 3.4796 3.4662 3.4530 3.4399 

26 3.4269 3.4140 3.4012 3.3885 cheer! 3.3634 3.3510 3.3386 3.3264 3.3143 

27 3.3022 3.2903 3.2784 3.2666 3.2549 3.2433 3.2318 3.2203 3.2090 31977 

28 3.1865 3.1754 3.1644 3.1534 3.1426 3.1318 3.1210 3.1104 3.0998 3.0893 

29 3.0789 3.0685 3.0582 3.0480 3.0379 3.0278 3.0178 3.0079 2.9980 3.9882 

30 2.9785 2.9689 ING Es Pe 2.9497 2.9402 2.9308 2.9214 29122 2.9029 2.8938 

31 2.8847 2.8756 2.8666 2.8577 2.8488 2.8400 2.8312 2.8225 2.8139 2.8053 

32 2.7968 2.7883 2.7798 BINS 2.7631 2.7549 2.7466 2.7385 2.7303 D223 

33 2.7143 2.7063 2.6984 2.6905 2.6827 2.6749 2.6671 2.6595 2.6518 2.6442 

34 2.6367 2.6292 2.6217 2.6143 2.6069 2.5996 2.5923 2.5851 25779 Peasy AWS 

35 2.5636 2.5565 2.6495 2.5425 PEDOSS 2.5286 2.5218 2.5149 2.5081 2.5014 

36 2.4947 2.4880 2.4813 2.4747 2.4682 2.4616 2.4551 2.4487 2.4422 2.4358 
Ey 2.4295 2.4232 2.4169 2.4106 2.4044 2.3982 Bsseyas| 2.3860 2.91 99 2.3738 
38 2.3678 2.3618 23009) 2.3500 2.3441 2.3982 2.3324 2.3266 2.3208 215k 
aS) 2.3094 DOUS7, 2.2981 2.2924 2.2869 2.2813 2.2758 2.2703 2.2648 22593 
40 22559 2.2485 2.2432 2.2378 2.2325 Dap IOLYS 2.2220 2.2168 2.2116 2.2064 

4] 2.2012 2.1961 2.1910 2.1859 2.1809 2799 2.1709 2.1669 2.1609 2.1560 
42 Zio 2.1462 2.1414 2.1365 Zo L7 2.1270 Pelee. DNAS: PIO 2.1080 
43 2.1034 2.0987 2.0941 2.0895 2.0849 2.0804 2.0758 2.0713 2.0668 2.0623 
44 2.0579 2.0534 2.0490 2.0446 2.0402 2.0359 2.0316 2.0273 2.0230 2.0187 
45 2.0144 3.0102 2.0060 2.0018 1.9976 1.9935 1.9893 1.9852 1OSiT 1.9770 

46 O72 1.9689 1.9649 1.9609 1.9569 1.9529 1.9489 1.9450 1.9411 129372. 
47 9330) 1.9294 9255 SPAT TOU 1.914] OLS 1.9065 1.9028 1.8990 
48 1.8953 1.8916 1.8879 1.8842 1.8806 1.8769 18733 1.8697 1.8661 1.8625 
49 1.8589 1.8554 1.8519 1.8483 1.8448 1.8413 1.8378 1.8344 1.8309 1.8275 
50 1.8241 1.8207 1.8173 1.8139 1.8105 1.8072 1.8039 1.8005 7972 1.7939 
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20 0 1 2 3 4 5 6 7 8 1, 

51 1.7906 1.7874 1.7841 1.7809 1.7776 1.7744 WN 1.7680 1.7648 1.7617 
De 1.7585 1.7554 1E 7523 1.7491 1.7460 1.7430 WAS) 1.7368 1.7338 1.7307 
ee) 1.727% 1.7247 NPAW 1.7187 IANS Y/ VA 2 7, 1.7098 1.7068 1.7039 1.7009 
54 1.6980 1.6951 1.6922 1.6894 1.6865 1.6836 1.6808 1.6779 1.6751 1.6723 
55 1.6695 1.6667 1.6639 1.6612 1.6584 1.6556 1.6529 1.6502 1.6474 1.6447 

56 1.6420 1.6393 1.6367 1.6340 1.6313 1.6287 1.6260 1.6234 1.6208 1.6182 
Bye 1.6156 1.6130 1.6104 1.6078 1.6053 1.6027 1.6002 1.5976 1.5951 1.5926 
58 1.5901 1.5876 1.5851 1.5826 1.5801 1S, Nley/ay2 1.5728 1.5703 1.5679 
ae) 1.5655 1.5631 1.5607 1.5583 355539) Islets, Heo oZ 1.5488 1.5465 1.5441 
60 1.5418 129395 1.537 La ee 1.5348 15925 1.5302 Wis payee) 1bS2574 1.5234 1.5211 

61 1.5189 1.5166 1.5144 o122 1.5099 1.5077 1.5055 1.5033 1.5011 1.4989 
62 1.4968 1.4946 1.4924 1.4903 1.4881 1.4860 1.4839 1.4817 1.4796 1.4775 
63 1.4754 1.4733 1.4712 1.4691 1.4671 1.4650 1.4629 1.4609 1.4588 1.4568 
64 1.4547 1.4527 1.4507 1.4487 1.4467 1.4447 1.4427 1.4407 1.4387 1.4367 
65 1.4347 1.4328 1.4308 1.4289 1.4269 1.4250 1.4231 1.4211 1.4192 1.4173 

66 1.4154 1.4135 1.4116 1.4097 1.4079 1.4060 1.4041 1.4023 1.4004 1.3985 
67 1.3967 1.3949 1.3930 pot 1.3894 1.3876 1.3858 1.3840 1.3822 1.3804 
68 1.3786 1.3768 1.3750 1.3733 S715 1.3697 1.3680 1.3662 1.3645 1.3628 
69 1.3610 1.3593 1.3576 13559 1.3542 1.3524 1.3507 1.3491 1.3474 1.3457 
70 1.3440 1.3423 1.3407 1.3390 1.3373 133807 1.3340 1.3324 1.3308 S291 

71 13279 153259 1.3243 3227, 1.3211 ro LOS 1.3179 1.3163 1.3147 SI13i 
72 LSitp 1.3099 1.3084 1.3068 1.3053 1.3037 1.3022 1.3006 12991 12975 
73 1.2960 1.2945 1.2930 1.2914 1.2899 1.2884 1.2869 1.2854 1.2839 1.2824 
74 1.2809 12795 1.2780 1.2765 1.2750 1.2736 27211 1.2707 1.2692 1.2678 
75 1.2663 1.2649 1.2635 1.2620 1.2606 ey 1.2578 1.2563 1.2549 1.2535 

76 1.2521 1.2507 1.2493 1.2480 1.2466 1.2452 1.2438 1.2424 1.2411 1.2397 
ep 152383 1.2370 1.2356 1.2343 1.2329 1.2316 1.2303 1.2289 1.2276 1.2263 
78 1.2250 1.2236 122223 1.2210 ANY 1.2184 1.2171 1.2158 1.2145 fe2132 
79 P2119 1.2107 1.2094 1.2081 1.2068 1.2056 1.2043 1.2030 1.2018 1.2005 
80 131993 1.1980 1.1968 1.1956 1.1943 oS MHS, 1.1906 1.1894 1.1882 

81 1.1870 1.1858 1.1846 1.1834 e822) 1.1810 1.1798 1.1786 1.1774 1.1762 
82 1.1750 tee 9 HUT. 1.1715 1.1703 1.1692 1.1680 1.1669 1.1657 1.1645 
83 1.1634 1.1623 1.1611 1.1600 1.1588 TS 77, 1.1566 1.1554 1.1543 1.1532 
84 Hele 121510 1.1498 1.1487 1.1476 1.1465 1.1454 1.1443 1.1433 1.1421 
85 1.1411 1.1400 1.1389 1.1378 1.1367 S37 1.1346 TEIS35 S25 1.1314 

86 1.1303 205 1.1282 e272 1.1261 1251 1.1240 131230 1.1220 1.1209 
87 i199 1.1189 1.1178 1.1168 1.1158 1.1148 1.1138 1.1128 1.1118 1.1107 
‘88 1.1098 1.1088 1.1078 1.1067 1.1057 1.1048 1.1038 1.1028 1.1018 1.1008 
89 1.0998 1.0989 1.0979 1.0969 1.0960 1.0950 1.0940 1.0931 1.0921 1.0912 
90 1.0902 1.0893 1.0883 1.0874 1.0864 1.0855 1.0845 1.0836 1.0827 1.0817 

91 1.0808 1.0799 1.0790 1.0780 1.0771 1.0762 1.0753 1.0744 1.0735 1.0726 
o2 1.0717 1.0708 1.0699 1.0690 1.0681 1.0672 1.0663 1.0654 1.0645 1.0636 
93 1.0627 1.0619 1.0610 1.0601 1.0592 1.0584 10575 1.0566 1.0558 1.0549 
94 1.0541 1.0532 1.0523 1.0515 1.0506 1.0498 1.0490 1.0481 1.0473 1.0464 

oo 1.0456 1.0448 1.0439 1.0431 1.0423 1.0414 1.0406 1.0398 1.0390 1.0382 

96 1.0373 1.0365 1.0357 1.0349 1.0341 1.0333 1.0325 10317 1.0309 1.0301 

97 1.0293 1.0285 1.0277 1.0269 1.0261 1.0253 1.0246 1.0238 1.0230 1.0222 

98 1.0214 1.0207 T0199 2 JOH 1.0184 1.0176 1.0168 1.0161 1EOLSS 1.0145 - 

99 1.0138 1.0130 1.0123 1.0115 1.0108 1.0100 1.0093 1.0085 1.0078 1.0071 

100 1.0063 1.0056 1.0049 1.0041 1.0034 1.0027 1.0019 1.0012 1.0005 99977 
pp pe a nl Et a A i a ee a a ian AR ne Se 
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TABLE 14.1 (continued) TABLE 14.1 (continued) 

20 0 oll p 3 A 5 6 af Scie) 

101 99905 .99833 99761 .99690 IMS 99548 99477 99406 oe etic 

102 BNE 299125 99055 .98985 .98916 .98847 98778 98709 ee adi 

103 98503 .98434 98366 98298 98231 .98163 98095 98028 oF se 

104 (97827, .97761 97694 .97628 97562 .97496 97430 97364 .97300 cee 

105 .97169 .97104 97039 .96974 .96910 96845 96781 96717 .96653 

9652: .96436 .96399 .96336 .96273 .96210 96148 96085 96023 95961 

107 es 95837 .95775 95714 95652 95591 95530 95469 95408 95348 

108 95287 SEV .95167 .95107 95047 94987 94927 94868 94809 94750 

109 .94690 94632 94573 94514 94456 94398 94339 94281 94224 94166 

110 .94108 .94051 93994 .93936 93879 93823 93766 93709 93653 93596 

11 93540 .93484 93428 LEIS: 93317 93262 93206 93151 93096 93041 

1 .92986 p295 1 .92877 92823 .92768 92714 92660 92606 92553 92499 

ES 92446 592892 92339 .92286 1o2256 92180 92127 92075 92023 91970 

114 91918 .91866 91814 .91762 SIVAN 91659 91608 91557; 91505 91454 

oS 91404 GOSS 91302 WIlsV2 91201 91151 91101 91051 91001 90951 

116 90902 90852 .90803 .90754 .90704 .90655 90606 90558 90509 90461 

117 90412 .90364 .90316 .90268 90220 90172 90124 90077 90029 89982 

118 89935 89888 89841 89794 89747 89700 89654 89607 89561 89515 

119 89469 89423 89377 89331 89286 89240 89195 89150 89105 89060 

120 89015 88970 88925 88881 88836 88792 88748 88704 88659 88616 
EEE ED 

SOURCE: By permission of B. M. Loeffler, Colorado College, Colorado Springs, Colorado. 

amplification is the angle 8. This is the angle of incidence, 
as well as of “reflection” (diffraction), analogous to the 

reflection of light from a mirror (see Fig. 14.32). In X-ray 
diffraction there is not just “reflection” from a top sur- 
face, as light on a mirror is reflected, but the X-ray beam 
penetrates inside the structure so that the resulting dif- 
fraction effect is the sum of all diffraction from a stack of 
parallel lattice planes. As noted in Fig. 14.34, such planes 
are given Miller index notations, such as hkl. Figure 14.3b 
shows asingle lattice plane with respect to the cylindrical 
film position in a camera. The angle of incidence is 8, the 
angle of diffraction is 8, and the angle between the 
diffracted beam and the nondiffracted part of the X-ray 
beam (exiting through hole 2 in the film) is 20. In other 
words, the distance that is measured on a film (in milli- 

meters) represent 20. The formulation of the Bragg equa- 
tion given earlier refers to 8, which is half the value 
measured on the film. 

With an electronic calculator (with trigonometric 
functions) it is not a difficult task to solve the Bragg 
equation for each of the measured lines of the film in Fig. 
14.2b. However, a standard table with solutions to the 

Bragg equations for several wavelengths of-X rays and 
increments of 0.01° 28, published by Fang and Bloss 

(1966), is available. A sample page of this book of tables 
is shown in Fig. 14.4. It tabulates many solutions to the 
Bragg equation as a function of the wavelength used. 
Figure 14.2b was obtained with CuK radiation. All the 

lines, except for the right-hand doublet, are the result of 

CuK@ radiation (the third column under Cu in Fig. 14.4). 
The doublet is the result of a, and «, resolution (columns 
1 and 2 under Cu). You must have access to this table (or 
a good calculator) in order to convert your angular 
values (20 values measured in millimeters) to values of 
d (interplanar spacings). In the absence of this published 
table you can use Table 14.1, which lists solutions to the 
Bragg equation (that is, d, the interplanar spacing) as a 

function of 20-value increments of 0.1°. Table 14.1 will 
give you much lesser resolution than the book of tables 
by Fang and Bloss (1966), and it also stops at 20 = 120.9° 

20. In the assignment you are requested to convert each 
of the 20 values to its equivalent value of d. 

Witha listing of ds for your unknown, you are close to 
beginning the process of mineral identification. How- 
ever, you also need to estimate the intensity of each of 
your measured diffraction lines. On an actual film, you 

measure the intensity of a line by the intensity of the 
blackening of the film. This is done on a relative scale, 
with the darkest line given the intensity of 100 and the 
weakest line, whose intensity you can barely estimate, a 

value of 10 or less. Because Fig. 14.2a is a black-line 
drawing on which relative intensities cannot be meas- 
ured, their values are given as numbers next to the 
diffraction lines. With a listing of ds and their corre- 
sponding intensities, you are now ready for the various 
identification steps. 
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FIGURE 14.3 (a). A parallel X-ray beam irradiating a stack of plane in the sample in a diffracting position. The angle that is 
parallel lattice planes, hkl. The angle of incidence (8) is the same measured on the film, between the center in hole 2 and the 
as the angle of diffraction (8), or “reflection”. (b) Schematic diffraction line is 20. 
cross section of an X-ray powder camera with a single lattice 

(a) Diffracted X-ray beam 

Incident 
X-ray beam 

Direction of 
nondiffracted 

Stack of X-ray beam 

parallel 

planes, Akl 

(6) Circumference 
of powder camera 

Diffracted 
beam 

Diffraction 
angle recorded 
on film = 26 

X-ray 
beam in SiS <a oe igen Ge Atel eee ae eee ees 

Hole 2 Direct beam 
out 

Inclined lattice 

plane, Akl 

Copyright John Wiley & Sons, Inc. 
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The X-ray diffraction pattern of an inorganic un- 

known is identified using the Powder Diffraction File 
(Inorganic), published by the Joint Committee for Pow- 
der Diffraction Standards (JCPDS). This organization 

publishes two search manuals, which are known as the 
Hanawalt Index and the Fink Index of the Inorganic Phases, 

or of the Mineral Powder Diffraction File. These two index 
volumes have slightly different approaches to the iden- 
tification of an unknown crystalline material. In this 
exercise we will use the Hanawalt Index. In this the 
strongest three lines of all known patterns are arranged 
in decreasing value of d. The d value of the highest- 
intensity line (I = 100) determines the location of the 
pattern within one of 45 subgroups in the search manual. 
Within such a group data are arranged in the order of 
decreasing value of the second strongest line. The third 
strongest line in the pattern is recorded in the third 
column. A page of the 1986 Search Manual for Inorganic 
Phases is shown in Fig. 14.5. A page of the Hanawalt 
(search) section of the Mineral Powder Diffraction File 

(1986) is shown in Fig. 14.6. Both figures show that an 
additional five of the next strongest lines are entered as 
well as part of the search manual tabulation. Each pat- 
tern is given an identification number (as in the right- 
hand column of Figs. 14.5 and 14.6). This identification 

number allows for the location of the complete X-ray 
diffraction pattern, as well as additional data (e.g., Miller 
indices for each diffraction line, chemical formula of the 

substance, its space group, cell dimensions, origin of the 
material used, and X-ray wavelength employed). Figure 
14.7 shows such a compilation of data for the mineral 
halite. In older files these data were arranged in card 
form. More recently all such cards are available in micro- 
film files. 
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Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 275-289. 
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Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 202-214. 
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Azaroff, L. V.,and Buerger, M. Y., 1958, The Powder Method in 

X-ray Crystallography, McGraw-Hill, New York, 342 pp. 

Nuffield, E. W., 1966, X-ray Diffraction Methods, Wiley, New 
York, 409 pp. 

Fang, J. M., and Bloss, F. D., 1966, X-ray Diffraction Tables, 

Southern Illinois University Press, Carbondale. 

Powder Diffraction File (Inorganic) published by 
JCPDS-International Center for Diffraction Data, 
Swarthmore, Penn. 

MATERIALS 

The drawing of an actual X-ray powder diffraction film 

(Fig. 14.2b) forms the basis for this assignment. The data 

obtained from the film are to be reported in Table 14.2. 

Access to a copy of the X-ray Diffraction Tables by Fang 

and Bloss will be very helpful. However, in its absence, 

the necessary 20 values can be converted to their 

appropriate ds by using Table 14.1 or by solving the 

Bragg equation, using an electronic calculator with trigo- 

nometric functions. Figures 14.5 and 14.6 suffice for the 

identification of the unknown. If, however, you wish to 

see the complete information on the identified unknown, 

you will need to consult a microfiche or card file of the 
Powder Diffraction File published by JCPDS. 

ASSIGNMENT: Depending on the wishes of your in- 
structor, you can begin this assignment at step 1 (see 
below) using the film, or step 2, using a tabulation of 
published 26 values (see Table 14.2B). 

1. Using the drawing of the film and metric scale in Fig. 
14.2b, locate as carefully as possible the right and left 
centers of the diffraction curves and tabulate them in 
Table 14.2A. Subsequently measure, again carefully, 
the positions of all the diffraction positions between 
holes 2 and 1, and tabulate these 20 results in Table 

14.2B. They should compare well with the published 
data already given in the last two columns of Table 
14.2B. 

2. Using your own tabulation in Table 14.2B, or the 20 
values already provided, convert the 20 values into ds; 
consult the conversion tables of Fang and Bloss. If 
these tables are not available, use Table 14.1, or use the 

Bragg equation nd = 2dsin8, to solve d for a given 20 
measurement. That is, find the sine of half your 20 
measurement to plug into d = nd/(2sin®). Use the 
CuKa wavelength, 1.54178 A, if there is no resolution 

of doublets and set n as 1. If you wish to obtain the d 
appropriate to a doublet, you must use CuKa, and 
CuKoa, wavelengths, respectively. 

3. Enter the intensity (I) for each diffraction line, as given 

on Fig. 14.2, into Table 14.2B. 

4. Using the d values of the three most intense lines, 
identify the substance; refer to the two pages of the 
JCPDS search manuals in Figs. 14.5 and 14.6. 

5. Now that you have identified the substance, you can 
consult the complete reference data on it by searching 
in the JCPDS Diffraction File for the file card that 
corresponds to your identification. 



IDENTIFICATION OF AN UNKNOWN BY X-RAY POWDER DIFFRACTION FILM 225 

CuKa, and 
inois University 

Press, Carbondale, reprinted by permission of the publisher.) 

priate wavelength columns (e.g., CuKa, 
CuKa.,,).(Copyright © 1966, by Southern II] ee 
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226 EXERCISE 14 

FIGURE 14.5 A page from the Search Manual (HanawaltSec- | The number of the complete reference file card is given in the 

tion) of the Powder Diffraction File, for Inorganic Phases, 1986. right column. (Reproduced by permission of JCPDS-Interna- 

The d values of families of planes that produce the eight _ tional Center for Diffraction Data.) 

strongest diffraction lines from a specific substance are listed. 

2.01 — 1.86 (+ .01) File No. Mc 

1.91, 3.96, 2.93, 274 211, 1,63 1.58 1.22, 1rBr, 1$- 332 

1.91, 3.16, 287, 172, 157%, 145, 258, 2.05, 11,UO 28-1346 

o 1.90, 3.16, 3.57, 24% 161, 304, 262, 178, Co{TcO,)-4H,O 32- 316 

(Wee FS eee ee EO) ich, ee URL LilcO, 19- 722 

My OCS BE SA, CS) he ed Feln,S, 35-1065 

185, 316, 331, 196, 163, ‘585, 268 293, No,Np,O, 18-123) 

S (0 FAS, OCS ORR clrAl URSA TRG, Elch ZnSc,S, 29-1392 2.40 

196, 3.15, 3.00, 266, 188 171, 162, 630, K,VF, 28- 839 

1.95, 3.15, 2.49, 176, 158, 1.33, 3.52, 1.31, K,PdCl, 12- 412 

UCL SHI ARS UE DEE, Mey GE Behe: Dy,1e,0,, 22- 262 

iy AC, Se MoOTe 22- 440 

22 meme ie Ol025 GoP 32- 397 i] 

1 1 

* 193, 315, 1.65, 112, 137, 125, 0.86, 1.05, Co Fluorite, syn 35- 816 
193, 3.15, 1.64, Uae easg 1.05, 2.73 1.36, (Zn,Hg)S Sphalerite, mercurian 22- 731 

VOTE COINS, 1 245, 02 06," 176, = 0.73," 337, (1.69.8 We Sey 18-1156 

PEM COM SIS, Mes S607 2.91 72,8) 154g 5.02, 2.81, -50WO, 27- 902 
i 100, 3.15, 3.00, 263, 1.83, 1.62, 1.58, 1.56, TgTeOy, 32-1337 
i ea, 315, 330, 1.49, 110, 358, 1.94, 1.65,  VOMoO, 18-1454 

Ase One Us Som its UG) 860, Ua ie 23- 70 
A AO SOCK, Se OER OG, way Te 16h | isa 32- 131 

© (1.99, 314, 1.95, 1.17, 3.1% 2.10, 1.46, 1.27, RBG d(SO,) 4H 21-1026 
197%, 314, $14, 420, 3.35, 3.02, 2:39, 5.60, CoCOsFO,'Mroseie 29- 309 

$314, 2.025 Be lll ‘50, (1.4) BkF 23- 70 
ros als, 102m slo ay2e0e 12718 wiz, 9242 mC 20- 965 

x x 8 7 

URE eh RUU U week PHA PH AA, Gd,MoO, 26-— 656 

© 195, 3.14, 289, 2.64, 1.87, 1.75, 1.60, 1.57, © Noy ThMo30,2 30-1248 
A oe Siey AOR TR ae eA Bi 2 eC 20- 861 
© 195, 314, 199, 117% 3.19 2.10, 1.46, 1.27,  RbGd(SO,),-4H,0 21-1026 
(N94, 314, 2009, 1.92, 141g 2.84, 2.81, 2.28, PHS, 59, 22- 784 
i 193, 314, 164, 291, 1.99, 2.57, 1.76, 2.13,  (Cu,Hg);,5b,Se,s/Hakite 25- 297 

1.93, 3.14, 1.64, 1:25, fant 0.92 0.86, 1.05 AIP 12-— 470 

193, 3.14, 164, 111, 0.86, 1.25, 0.92, (0.83, a-NoYF, 6— 342 
193, 3.14, 164; 1.11, 0.92, 1.25 1.05, 0.863 Nall, 18-1252 
OE Ove ceeR ok iC ee oi, we TbOF 8- 230 
oy Gath Oh eh wi OYE Bale apce BISoiesate 22- 784 

i 1.92, 3.14, 1164, 2.72, 5150, 1-36, 1-25, 4.24, _Gu;SnS 5 27- 198 
"19% 314, ed, 272, 125; 1-22; 1.1, 1.08; Ceo Ua sr 33- 343 3.70 

GF Sith 08h D0 OG WES Deyn imo, tae 5- 724 
1.9.2 5140 1164-02 TST Tn 1 05 O96 25, Me NaCaCdvre 7- 261 

5 (dy oie Wey AG AeA wri Ca, Ge, teeter 33-1071 
ON iso 314," 2162) 185, 156, 2.70) 132,*«1.08, | CusFeS,/ldaite, s : syn 13- 16 
" 188, 314, 3.43, 6.51, 3.24 297, 2.59, 3.47, RO sasirae 
p08, a 14: 7 a 2ee 200, 13) 174,81 50, 139, | Me, 19— 543 
fb (0B, SNE SES OOK AG oid, 15h 18S eapines: 32— 131 
ON 16 5z i142 2/8 2-NiGgemmn T5600 2:70gNN1/325 1108, CulreS,/idaite) syn 13— 161 

OV, |) 3ub3e) 2164,) 1.210 1224.) 2-13 1,65, 1:60, CoSn 8 -60, °. = 
b Aes SU, 085 3G4 2G, Tip, 1, ne Ce days 332 in0 
i 2.00, 3.19; 1.83, 3.66, 2.99, 2.38) 1.64, 1.58) Gsert, 36— 868 

2.91 r 
i) 96s GINS, 21625) 0177-41190; wes re ier mucen ae ace a ee nt f 8 008 978 2!eO3 32-1338 

A, ia We, US, 2 
) OS O18 Aeet Toe Sh age eve ae eee Seat170 
O OR SHE: iG 7h |@) DR Bo seh FaRC.. 33-1088 
i 19% 31S, 271, 1.63, 2.12, 124, 156, 21, CO 23- 140 
i abies ie 2 a Jey, Gen ies  Ceeecis. 33-1170 

A 6 .45 4.06. rhe | \ 

1.92, 19, BV89" Aes lom 02.41.0166, 0) 33. ie ac eal 
i 192, 319, 164, 2.71, 1.57) 1.36, 0.00, 0.00) Ni,Se, ae iare 
i ie ey 564ml 57; 25 217172 = 
ie 5:92: 19, 16350 2)7) 56-89 70, 206s i 35) Bree had Ai ree ‘ 6- 273 

1, G0 OFF 016 3G, amy, ver 
1.9%; meds19;0 1640 17) 6 6.96) me 4109; age. pre | iach pr ke 

S 16 ee OCR Wil, UA wh eh ayve ‘ 34- 621 
ReOMEED IT ON Gacy ECoG I cc Maio 10, MT cor tae Serpe x “ x . . « P) . _ 

18% 3.13, 192, 1.61, 24%, 1.66, 1.33, ay Ree? he. 
102 WS, 16, 1G) 1G 1, Te, 1M Cecchi a eects 

88 319, 257, 081, 0.80, 0.78, ote Toei ic ee Sie pa pte 
ee 3 35 : 149i 2024521640 2) 10; el 3272 HENi; gs ang 

, 20% 30% 198, 3 39, 3.46, 1.76, 1.69, 1.42, PmF, aeons be he 
° x ° : 1.75 1.58 1.56 T a 

i 00 Of) OC 0h ae 1 wae ; eee sbaregie: x ‘ ‘ 

1.09, ©3022 2.870 + 214, m cies 1.75, hou 239, eoreeene: re a 
i 198, 3.12, 369, 355, 346, 3.23, 3.18, 2.94, CAVE eS eek 

198, 312, 2.76, 248, 1.71, 140; 1.63; 1:52) nk seat 26s 

ere Rear ames iis Rg A SSO He Feo 
" » OOH DS SiO, we 1, to RbT : 

195, 312, N91, 279 27it e2.6lt = 1 On ered ae) aN oss 
; oun 3 es 2.65, 1 34, ies 349, 2.47, Zale Rb, Sr,(CO;) 26- 656 

ea x 263, 349, 180, 2.10, haan 1.15, C30 4 33-1127 

me 9:12, LO8; 16, - CduBpe 2:00, 3.46, Oy meRbIESOnaNC NOs 248 
1.93, 3.12, 1.63, 10, 10 ea ich ‘ 3 i yy Cy eG, uo 
Une, ee ORR eR ; { 93, E iy, i, O83, eit NoU2r,F ei CO AES OYE aod ek fer Tray } Bees 13- 45 192 312 163. ican ry ‘ 58, VV, Bi,WO, Russellite 
HOE S190, 268, 12a,” M10, 1.04, = pyor 26-1044 

° BUCS Uy Zeek PE HOY, vib Cu,FeSnS aes) 

V91, 3.12, 1.63, 270 124 110 1 : ‘ aes 
POLGig M52, 1.63, 270, ioe ote, POST ree ae a ’ , x95, 1 24, 242 4.82 Cac 24- 605 

1.90 3.12 ! ' 1 v,CoSnS, POOR Aie 92.6350 092, © 12 69,0 901.24, 6 SENOce toad a vor 26- $13 
E : 5 y Dan tity aa ace beg 487 

189, 9:12, 1.63, “Dal, 166, Vie7, 20a, 1.97) Hey 29- 110 
) 33- $54 

Copyright John Wiley & Sons, Inc. 



IDENTIFICATION OF AN UNKNOWN BY X-RAY POWDER DIFFRACTION FILM 227 

FIGURE 14.6 A page from the Search Manual (Hanawalt Sec- entries are for minerals only. (Reproduced by permission of 
tion) of the Mineral Powder Diffraction File.The information JCPDS-—International Center for Diffraction Data.) 
given here is similar to that in Fig. 14.5, except that here all data 

1.93 — 1.86 (+ .01) File Ne. 
1.92, 117, 10.7, 152% 5.43, 3.68, 3.34, 2.58 Keenenite Al,O,, 15H,0 11-492 1.93, 0.12, 2.92, 2.68, 2.04 1.71, 4.06, 3.50, — Bultfenteinite ote, eon.t, 8 223 1.94, 7.04, 2.99, 354, 288, 3.20, 2.49, 5.86, _—_ Pentahydreberite C08,0,5H,O 14- 339 Go 03, 620m 325,200 9 08, 8995, 9 10,0 2.05.” 1739, Paudeceuiualie (H,0),Co4UO,)4PO,), SHO 18-1084 U9\, eS@Ore 37 re2.40,, 0 1.85 NTO, 1180; 1295s. |. Sulvenite CuvS, I 104 

i 90, 5.12, 7.13, 3103, 3.08, 9.60, 3.80, 3.91 Coyeteite Nofe,S,.2H,O 35- $65 C0 VO? OTS 2.95,08 104d 8 9.88, G38) 8 124,) 1:57, Uthlepherive (Co,MaX(OH) 12- 647 WOR ASSo DS gh, | Body FSp outa.) 2:07, 4 Gearkeulite CoAKFOH),H,O $- 283 SUPE Yl oA S206 220 eG BODE, OR 156.8 61/540 Henguhilie CuPtAs 29-374 * 1.94, 4.44, 3.63, 6.28, 3.97, 2.81, 2.09, 2.37,  Metaberite, syn HEO, 15- 868 
¥09,) 63.20, 8 1.0%) 832.74, © 2.78, 2.010018 103,0 170y e Osaraile (Or,RujJAsS 25-595 
1.89, 3.79, 1.87, 2.74, 2.78, 7.01, 1.83, 1.70, Ruarsite, syn RuAsS 27- $68 

i) POT) 228 0eyea ee, F278, 2.011838 1:70, © Osarsise (Or,RujJAsS 25-595 UO70e 3.29, 6 0.00.0 6 74, 978, 2101, 5 1.85,8 1.70, = Roerslieliya RuAiS 27- 568 Wen 26S RICE, © 293, 27194 82072) 42105, | bb Erevdenkergite (No,K),(Ti,Nb),(Fe,$1){O.OH),, 17— $31 
a 09,0 5.62700 9.64009 44, 8 6.97, 981.720 1.20,8 7:70, | Flelscherite, ayn Pb,Ge(SO,){OH),-3H,0 29- 771 U6 3:80, 8 1970 2475-8 182, 1.57; 0 L494 1.27, = Potinerite PbO, 25- 447 

ioe ett Cth, Beye Oro, 0G. GR ey Kennedyite FeMoli0,, 13- 353 ‘ x ‘ . ‘6 ‘ 6 ‘< ly PAQT O10 
© 1.90, 3.47, 3.09, 205, 3.13, 297, 243, 5.55, Sulfoborite Mg4B,016S0,);:9H,0 14- 639 
NOG, © 3.490 (966,07 926-08 3.52, 1861828 4:70, | Granneriie, heated uT,0, 8- 2 
i 1.99, 3.9% 217, 224, 2.21, 2.14, 1.87%, 1.79, Stenonite SeAIF,CO, 15- 366 
So eyed 94y eS 74.0303, 8202), SS7ceelet5,8 -719;0 Unnamed minerel Fe-leO 16- 146 

1.92 3.33 1.75 2.98, 2.89 2.80, 2.05 1.02 Unnamed mineral (Ni Fe,Culo y5l'o 255 29- S55 
920 pe R32 8 DATES SPE 1.66; sad! 1039, | Genthelvite Zn,Be{5O,),8 29- 224 
19S, 3990 9.04.07 7.11,) $42, 2.18, 1.67;) 1142, | Shadlunite (Cu,Fe)g(Pb.Cd)S, 25-1426 

oo, Set OR TR Re eG (Cu,Fe,Agly(Se.S} 35- 523 
1.93, 3.27, 2.98, 2.90, 1.97, 3.58, 3.41, 3.40,  Juanite Cas{Mg,Fe)3(Si,Al),(O,OH),,:7H,0 29— 335 

5 105 SRE ACE GK as 0G 16R 2e5 Fergusonite-beto-(Ce) CeNbO, 29- 402 ‘J x x 8 8 8 6 

1895007993, 8 9:10, 93.08, 1 2.07,. 9.78; 2464. 1.64, _ Manganese-shadlonite (Cu,Fe)g(Mn,Pb)S, 25-1425 
NR Yous 2 27 S171 05407) 00 2179) Cobanite Cufe,S, 9- 324 
194, 3.21, 201, 3.91, 2.50, 1.62, 1.56, 1.34, Huangheite BaCe(CO,,F 15-286 

© 1.88, 3.21, 3.03, 280, 270, 2.06, 1.96, 1.67 Fergusonite-beta-(Nd) (Nd,Ce)NbO, 35- 703 
1.88, 3.20, 2.05, 1.09, 1.03, 3.76, 1.38, 1.23, _ Indite Fein,S, 16— 170 ? x 7 8 5 s 5 

ur 16 Seo 20202 04-00 2157-02164 GaSe O150/m nt A Palladeeltersyn Pd,,Se,, 29-1437 
Lae ait Ot 0k TR <r oto ice CAS Cu,FeS, 14— 323 

Cunt 4 p03 17.0 2:7.4 31, 2152) wn 60 1128137 Bornite Cu,FeS, 34- 135 
1.94, 3.17, 1.67, 1.65, 1.96, 1.26, 1.13, 5.37,  Kuramite (Cu,Hg), 50,5, 29- $70 

S94 S51177 16S 0 2174> dd, 71030 21580139, Winstanleyite ‘1,0, 34-1485 
i 1.86, 3.17, 2.02, 1.07, 6.06, 5.25, 3.71, 3.02, Argentopentlandite (Fe,NijgAg, Sp 25-— 406 

1.93, 3.16, 1.65, 1.11, 1.25, 1.05, 2.12, 1.36,  Gruzdevite CuHg;Sb,5,, 35— 659 
* 1.93, 3.15, 1.65, 1.12, 1.37, 1.25, 0.86, —*'1.05, _—‘Fluerite, syn Cof, 35- 816 

1.93, 3.15, 1.64, 1.115 1.25; 1.05, 2.733 1.36, Sphalerite, mercurian (Zn,Hg)S 22- 73) 
i 193, 314, 164, 291, 1.99, 257, 1.76, 2.13, Hobie (Cu.Hg),Sb.Se)5 25-297 
o 1.89, 3.14, 282, 1.85, 1.56, 2.70, 1.32. 1.08  Idaite, syn wifese) 12 
0 185, 3.14, 282, 1.89, 1.56, 2.70, 1.32, 1.08, — Idaite, syn Cu,feS, 13— 161 
i 1.92, 3.13, 1.64, 1.57, 1.25, 2.71, 4.87, «2.37, _——Kesterite, syn Cu,ZnSeS, 26- 575 
© 191, 3.13, 164 1.11, 1.24, 2.70, 1.04, 2.44, —-Kuramite Cu,SnS, 33— 501 

189, 3.13, 1.61, 1.0% 1.08, 1.22, 1.0%, 1.04, Newackiit Cus2npAnsy, 25-323 
192, 3.12, 164, 271, 1.25, 1.22, 1.58, 1.11, —_ Russellite WO, 
194, 3.11, 1.60. 1.25, 477, 1.69, 1.56, 1.09, — Scheelite CowO, 8-145 

OUTSOLE a IK 1163157, 287410640 27028 2155 Chatkalite CusFeSn,S, 35- 683 
© 186. 311, 3.03, 281, 3.46, 1.30, 1.27, 1.24,  Calciocopiapite Cofe,(SO,),(OH),:19H,O 27- 77 

ee cate ce hey, zie ae Aktashit Cu,HgAs,S,, 25— 298 1.90. 3.10. 1.62 2.6 4 2 55, ashite a yon - 
190, 310, 1.61, 1.23, 1.10, 1.80, 1.75, 1.64, — Loutite Cuass 12 738 
189, 3.08, 3.16, 161, 363, 1.22 1.0% 1.02 — Polhemusite (2n.Hg)S 31- 870 
1.89 3.08 1.98 2.80, 3.43 3.70, 2.97, 2:24, Hypercinnabar, syn HgS 19- 798 
189, 3.07, 1.60, 1.08, 1.22, 1.87, 1.32, 1.02, —- Mooihoekite, syn CurFeyS\, 25- 286 
188, 307, 1.89, 1.61, 1.09%, 0.94, 1.21, 2.67, — Haycockite Culfe NS, 25-289 

187 Ae EE DS, EE Briortitateyn DRGesuease 
Ute pee! ARs spect mba Mate meet 63,8 1053) Briartite) tyn Cu,feGeS, 25- 282 1.87, 3.06, GOs : : 

ie: aes, OS ws US eh Ueh Wee Gallite) syn CuGoS, 25- 279 
So Mia ac Mga, Pay as wT oie 451, 2G 34s | CRaniatile CuxFe.GeXS.As), 9- 424 

187, 306. 160, 1.08, 264, 1.21, 1.02, 0.94, — Talnakhite CudFe.NiyS,, 25-287 
187, 305, 159, 264 1.52, 1.21, 1.18, 1.02, — Stannomicrolite Sni{To.Nb),O, 23-1441 
187, 305, 1.59, 193, 250, 2.08, 1.71, 2.83; Giraudite (Cu,Zn,Ag),,(As.5b),(Se.S),, 35- $25 

1 1.32 1.07 Luzonite, syn Cu,AsS, 10- 450 

° a “pre Tee oe: es eee 1.66, 1.32, Acicnsaciconite COALS 25- 265 

© 186. «4304. 1.59, 1.01, 3.17, 1.37, 1.02, 2.02,  — Cesstibtantite (Cs,No)Sblo,0,, 35- 672 
5 186. 303. 1.58 2.63, 6.07, 3.17, 1.21, tPA, Natrobistantite (No,Cs)B4To,Nb,Sb),0,, 35- 706 

1.86, 3.02, 158, 1.08, 1:02, nea, 2.62, 1.18, Plumbopyrochlore (Pb,Ln), (Nb, To),0,(OH) 25- 453 

61 erat) 3.34 1.56. 31 Sinnerite, syn Cu,As,S, 25- 264 

nese ERE Su gee 88, 1.02, 229, 1.30, Cobalt pentlandite (Co.fe.Ni,S, 12- 723 
185, 301, 283, 345, 214, 1.31, 2.56, 1.16; — Saryarkite (Co.¥, Th) Al,(S1O,,PO,),(OH), 9H,O 16-712 
186. 300, 158, 262, 2.06, 1.20, 1.07, 2.47, — Tetrahedrite, orgention (Cu,Ag.Fe),,Sb.S,, 11-101 

° 1.90, 2.99. 1.77, 2.04, 2.77, 2.27, 1.44, 5.88, Steigente, chromian (Al, Cr)VO, 3H, - 

150, 1.48 Frdaloaire PbAI,As0,SO,(OH), 6 380 
see RF es a ioe ; ee [Zee 275, wa Kempunilisite-tin} (Se,tnJAl,(OH),(As0,)SO, 22-1248 
Ves, 295, 1.81, 224, 101, 204, 1.56, 1.48, Calcite, mangonean 190 ets 2-714 
189, 294, 2.18, 1.74 1.43, 349, 1.47, 1.49,  Weedhouseite aires 
1.89, 2.93, 5.63, 2.16, 3.48, 2.21, 1.74, asi Florencite-(Ce) @Al,(PO,)1OH), 

, ne Co,8,0,(0H), 26- 2 
© 2.93 2.86 2.14, 2.06, 2.80 3.23, Iba’) Tyretskite- IT 28; 2 

a, 292, 359, 2.09, 205, 1.70, 1.32, 1.46, prsaty Restncedie-(C0) ce eas Vaeere 
187, 291, 284, 282, 3.99, 267, 343, 3.2), vobite | (A10,) {OH_Cl, 

i Vee, 6291, «3.42, 4.44, 2.97, 213, 2.09, 2.22, _Stillwelllite con ott) 26-349 

Va9, 289, 1.73, 1.59, 1.20, 2.10, 1.28, 2.69, Kattnerite % us 

Britholite-(Ce), heated — (Co.Ce, Th), o2(P. St. Al)y 92911 oglOH.F), 9 17 - 
peeps Arte saree lume) Bere 12° | rigs! Cappalenie.” oe WaT Un S58,07.) 27-42 194, 280, 3.48, 470, 1.66, 5 ; is Coie nc metas 
1.92, 2.78, 2.67, 1.23, «2.26, 2.01, 1.63, 1.98; Kurchetevite ER ete. er 

+ 1.86, 2.78, 2.51, 4.81, 2.23, 1.82, 2.95, 1.74, _—Millerite NiySb,S, 20 927 
Ves, 276 2:38, 228, 433, 1.79, 3.21, 3.58, —Tucekite 
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228 EXERCISE 14 

FIGURE 14.7 The JCPDS card number 5-628 for synthetic 

halite. (Reproduced by permission of JCPDS-International 

Center for Diffraction Data.) 

5-628 * 
NaCl 

Sodium Chlonde 

Rad. CuKa, AX 1.5405 Filter Ni 
Cut off Int. Diffractometer 

Sys. Cubic 
a 5.6402 b 
a 
Ref. Ibid. 

D, 2.16 

ta nwB 1.542 ey S 
Ref. Dana's System of Mineralogy, 7th Ed.,24 

Color Colorless 
X-ray pattern at 26 C. An ACS reagent grade sample recrystallized 
twice from hydrochloric acid. Merck Index, 8th Ed., p. 956. Halite 
group. halite subgroup. F,7 = 92.7(.0108,17). PSC: cF8. 

NW KB aWeE NY BQN 
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EXCERCISE 15 

IDENTIFICATION OF AN UNKNOWN 

BY X-RAY POWDER DIFFRACTOMETER TRACING 

PURPOSE OF EXERCISE 

To understand the steps involved in the identification of 
an unknown mineral using the diffractometer tracing of 
its powder diffraction effects. As in exercise 14, you will 
need to refer to the Powder Diffraction File of the JCPDS. 

BACKGROUND INFORMATION: If you have com- 
pleted exercise 14 before beginning this assignment, you 
will find that identification of unknown crystalline 
materials is a great deal faster by diffractometer tech- 
nique thanitis by film. This is so because a diffractometer 
tracing provides you with a graphical display of each 
peak position relative to a direct reading 20 scale, as well 
as to a reasonably quantitative, direct reading relative 
intensity scale. 

A powder X-ray diffractometer is a great deal more 
complex and expensive than a powder camera mounted 
on an X-ray generator. A diffractometer, in conjunction 
with an X-ray generator, consists of a goniometer (a 
device that measures the angular location in terms of 20 
for a diffraction peak), an X-ray counting device (suchas 
a Geiger, a scintillation, or a proportional counter for 
measurement of peak intensity), and anelectronic readout 
system (see Fig. 15.1). Onnonautomated powder diffrac- 
tometers the graphical result is a diffractometer chart 
obtained over a 20 region of about 6° to 80°, during a time 
period of about 45 minutes. On an automated diffrac- 
tometer the same results are printed out on an 85 pxal i= 
inch page in about 15 minutes. In either case, the final 
diagram shows peak locations with respect to a horizon- 
tal 20 scale, as well as relative intensities of the peaks in 

terms of a vertical scale. To search the JCPDS file for 

identification of the unknown, an investigator needs at 

the minimum to convert the 20 values of the three most 
intense peaks on the graph to d values [using the X-ray 
Diffraction Tables of Fang and Bloss (1966), or, if these are 
notavailable, by using Table 14.1, or by solving the Bragg 
equation as outlined in section 2 of assignment 14]. It is 

strongly suggested, however, that to be certain the iden- 
tification is completely unambiguous, the investigator 
should compare the ds of another ten or so peaks in the 
pattern with the published pattern on which the identi- 
fication is based. Even though the identification of an 
unknown is based on matching of the three most intense 
X-ray diffraction lines, all other lines in the unknown 
pattern and those of the selected matching reference pat- 

tern should show good agreement ind values and inten- 

sity. 

Copyright John Wiley & Sons, Inc. 

MATERIALS 

The diffractometer tracing in Fig. 15.2 and Table 15.1 for 
data tabulation. A 90° triangle is useful for locating peak 
positions accurately on the diffractometer tracing with 
respect to the horizontal 20 scale. You need access to the 
20-to-d conversion tables of Fang and Bloss (1966), X-ray 
Diffraction Tables. If these are not available, the 20 values 
can be converted to their appropriate ds by solving the 
Bragg equation with the help of an electronic calculator. 
Figures 15.3 and 15.4 should allow for unambiguous 
identification of the unknown. To check the ds and the 
intensities of all the diffraction lines on the pattern, you 
will need access to a microfiche or card edition of the 
JCPDS file. 

REFERENCES See listing in exercise 14. 

ASSIGNMENT 

1. Using the diffractometer tracing in Fig. 15.2, assign 20 

values to each of the peaks. Carefully locate each peak 
position with reference to the horizontal 20 scale. 
Write the 26 appropriate to the peak next to it on the 
figure. Number the peaks from left to right. Enter the 
peak numbers and 20 values into Table 15.1. 

2. Read the relative intensities of all the peaks, by meas- 

uring the height of the peak on the vertical scale and 
subtracting the background value in the area of the 
peak. Assign the value of 100 to the most intense peak. 
If the height of the tallest peak is y divisions (where y 
is some number less that 100), multiply all the other 
peaks by the ratio of 100/y to obtain their values 
relative to 100. Enter these relative peak heights into 
Table 15.1. 

3. Convert the 20 angles to d values using the X-ray 
Diffraction Tables of Fang and Bloss, or Table 14.1, or 
calculate each d, using the Bragg equation as outlined 
in section 2 of the assignment in exercise 14. Because 

the pattern shows no a, — a, doublets , use the CuKa 
column in Fang and Bloss. 

4. Using the d values of the three most intense peaks, 
identify the substance with Fig. 15.3 or 15.4. 

5. After identification, make sure the additional five d 

values listed in Fig. 15.3 or 15.4 show good agreement 
with the data from your pattern. 

6. If a JCPDS file is available, locate the complete refer- 
ence card on the substance and make sure all peaks 
and their intensities of both the “unknown” and the 
substance you identified it to be show good corre- 
spondence. 

231 



232 EXERCISE 15 

FIGURE 15.1 Schematic diagram of some of the experimen- 

tal configuration of an X-ray powder diffractometer. 
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EXERCISE 15 : 

TABLE 15.1 Record of Measurements Obtained from the Diffractogram in Fig. 15.2. 
Refer to the diffractogram in Fig. 15.2. 

Line Number ® 20 angle d I 

i =a Published 20 values for the three most 
intense lines in the pattern of Fig. 15.2. 

20 I 

ree 30.62 100 

Bil OY 90 

21.06 75 

| 

4 Line numbers go consecutively from left to right. 

Mineral identified as: 

JCPDS file no.: 

Copyright John Wiley & Sons, Inc. 
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IDENTIFICATION OF AN UNKNOWN BY X-RAY POWDER DIFFRACTOMETER TRACING Za7, 

FIGURE 15.3 A page from the Search Manual (Hanawalt Sec- The number of the complete reference file card is given in the tion) of the Powder_Diffraction File, for Inorganic Phases, 1986. right column. (Reproduced by permission of JCPDS-Interna- The d values for families of planes that produce the eight tional Center for Diffraction Data.) 
strongest diffraction lines from a specific substance are listed. 

2.94 — 2.90 (+ .01) File No. We 

290, 282, 280, 398 347, 268, 1868, 2.03, Ca,(As0,),(OH) Johnboumite - 33- 265 
f Ce Tae CR eee eR Ver WS ers Ti,Te, 24-1310 

Ph ERO RR Te 1 49, 134, ec ce.78, GoSm 20- 436 
2,00; 2.02, 2:31, 2:48, 3°10, 3100, 2.6), 2:36, K,H{CO,),'1,5H,O 20- 886 
209, 282, 306, 286, 22%, 298, 255, 27), Co,$i,0,,:H,0 14- 35 

SOO 2025 O47 20, 1.06, amuli7e mena a7 7 178, CoY,0, 19- 265 
AS. ORR TA EM SR I Yaa KB (Ca, Sr),B,O,(OH),CI/Hilgardite-1Tc, strontian 11- 405 
2005 (21025 7) 217550 2180, 41695459 207, 1.96; La,CulrO, 18- 673 
OV 20 2p 202 1166 2-55, 5il6y 5,025 \A75 K,As 4- 676 

OOS FOE hE TCG OWT PC ATR ae LuFeMgO, 36- 965 

it OUR SDR SCs FHA ta) ch, ARE K,CoSi,O, 27-1346 
SU OUR, A ERS) PMC ee cts Bi,Rh 28- 172 

ruts; HWS SE RS See SLC MAS Cie KMoF, 23- 469 
OP 294 ya. Slee (2:55; 2.755 2:45, 2.945, 226, 1,965 Ba,MgCl, 1S— 292 
Coa 04ry 2.005) 0/88; 5:635,0 157250 h47;, 31455, 1.27, Bi,Cs 27- 323 

2.03, 2.81; 8.43, 2.23, 6.18, 4.22, 2.10, 3.32, K,Fe(CN),:3H,O/Kafehydrocyanite, syn 14- 695 1.80 
Ora OS 2.8 e 5.05; 2.0350 2.31, (16d, 1.84, 2:43, Ba,MgSi,0, 10- 74 

rae OUR EO Tike) 9 SEI © CSR A PB Pb,Sr,SiO, 30- 728 
AM 2.022 00m @. 1650 2.43, 2.635, 903508 9:00; 2493 i,CO, 22-1141 0.90 
OE 210 \ cma 8) 5m 4.0S,0 8 5:90; 2:44) 64.48) 9.395 62575 No,CO,:7H,0 25- 816 

ON, aOR GC Ge PA ER RR rb NaBaPO, 33-1210 
eRe SOS SRR ERIS Cea CK WR Shs Eu,(PO,):F 26— 627 
RS, SOR ER UO ER le LR GersP ol 26- 689 

EONS, TS FR) PRES ERA KOR CR eR KBF(OH), 30- 918 
2.9) gt O low 2.6270 249570, ll 63cm lela l.30: AuPb, 26- 711 

eh EH SRDS PES SRA UGA RH OS K,CaSi,O, 27-1346 
2:00, ON5 S185 0:3 211650 4.205 2.0150 4.045 Eu,(PO,),OH 22- 613 
2907801 2.00cn 265, 10595) 1.475, 109,. 0.63, ‘11735 Am 15— 657 

(ier 2: 90; 8 oma 02, 9 345.001, 665)00 2.45. 2 205 1,645 Ba,Sc,O, 31- 161 
2.89, 2.81, 446, 3.36, 2.09, 1.92; 4.21, 3.14, CsAKSeO,).°12H,0 28- 278 

2:89; a2. O15)) 3:22, 6:79; 3:99, -2:415 2.013, 1-795 (Na,Ca,Mn);Zr(SiO,)9F/Lavenite 14— 586 
G RTE Ge TR ee FR Wea ee as Ba,Zn,Fe,202 25-1193 

2.955 ee 2 00,00 2.64508 3,917 me 2.95.0 15:68,0 2.66; 2495 Oia 33- 757 
US Gee SO URES KER TR RS eS K,NiO, 27- 423 

2.0052 BOrus 4.23500 2,627 95:60, 226200 2.02, 79, Al,80 10- 250 

2.90,5 2.80, 2:95, 2:03, 1.67, 1.66, 2.01, ‘1.70, SrYb,0, 20-1222 
Ole? 90-an 2.80.00) 1:905000 3.61500 3.1959 2037 1 Blan 185s Ca,Nd_Sr,(PO,),(SiO,).F 2 30— 268 

2,09; 2 80p0 8 9-206) 2:60, 4.4), 3.58, 9.51, 3.26, KS, 30- 992 
J ISR Me PROS OZR Ie WTR KR SRR Ba, 4Sb;9010S¢.4 31- 119 
AES “ORS ACE 7 TR PRA WKS ERPS Bala,Ti,0, 35- 164 

GSU. WA GRO EIR CARS URS UR IS CaD, 31- 266 3.08 
C293 oe 2 7 9m 4:60.00 5 05,0291 cS. 2 300 3.974) 0178, Ba,P,, 33- 172 1.88 
Se 2 92 ue 2 7 0c ee 4.2 0 gi 611240 406g 0 94408 319) 2455 a-LiAlSi,O,/Spodumene 33- 786 

2:92 mete Oe 257.2 Or eS 60,31 Sen 2. Bae 2:62, Ca,SiO,-CaCl, 36— 558 
Si 2,02 2.79, 2.02> 0 2106, 4821 44s 12 T md65 Sa/Tin, syn 4— 673 

29d 7970 2.9450 2:8 le 3:16, 0) 2:58; 0:00; | 9.000) Sr,Ga,0, 21-1181 
Dl gen 2:79 08 2.745 3,745 5.965) 3.93, 0 2.0958 2:01, Pb,0,Cl, 6— 475 
ri OEE CS ee En ere eR eS SrgNl, 17- 797 

i290, 2.795, 2.782 1.45558 2:94, 8 21022) 2.00580 11-665 Srlu,0, 32-1242 1.90 
290-79 VONe 2:01 0 3.)74 1. 0:305, 3.605, 91.955 Ca,Sr4(PO,).(OH)2 34- 477 

2.9950 2:79 108,430, 2,674 2:40, 2:36. 67, a,-Ca,Al,0,-19H,0 14— 628 
NT 09502 79-25 9 268, 216702 40,0 220,21, Ca,{Al, Fe)Al(SiO,),OH/Clinozoisite 21- 128 

AT CHK ORI Fee APC IR a SrsAl,0, 10- 65 
fe 2,095 e217 Oem 1.98.8 01,6330 6.34500 01,685) 8 2 iN le nl 44> SrzFeg 51a sO, 32-1238 
12,8920 2792" T9159 3158508316 9 2.0078 3129, 91°95; Ca3Sr{PO,).(OH), 34— 478 

\” ob, Eee SU Se RC EE A Ba,NoCe,Fe{Ti, Nb),SigO24(OH, F)-H,O/Joaquinit 36— 385 
12.939? 786 3845.0 2:8150 5:00, 4:79; 2 807" 16 '5) SiO,:9H,O 19-1239 
Db CER SBR SHR OI ERE ciety FRIES CA Pb,Mn,Ge,0, 34-1362 

ABE DERE TES OR FI GA NIE, PE PtSn, 4— 744 
m2 0 2502 78,2410 2555S 505 cg 3172 Ss CeCu 25-1138 

SO FRA GOR CY ES PHP OR PKA KSrPO, 33-1045 
HO 28 FICE bes ARS 2eER cA SHS Sb, Sr 30- 98 6.03 
VS PELE ACES EAU ZINE ROR Cb CCE Ba,NoCe,Fe(Ti, Nb)2SigO24(OH, F):H,O/Joaquinit 36— 385 

1 OOS eR RCC ON ORR AI EF AA Na,AIH,(CO,),F,/Barentsite 35- 693 
T1692 met 2 7.82 19, 30, 21604, 216250 0.465. 265 KCo,FSiO, 27-1343 

TS RE Ee CHR FR EIR OR YR K,MnO, 24— 875 
EE oe UR OER SPOR eka eS ee La, Si, 19— 660 
PGA 2 775 A Ol eal, 6550 445 261510 2 2.402 Ba(BrO,), 20- 120 
29542 77 S169 2.69" 4.682 25528 2059, 3:5), H,Ag,NO,P 16- 511 
FiCPE Fa hss EWES EHO, = PK A VEE Ag2V,0), 20-1385 

O Ghee Fee SI UR PE AS AKER hs Cala,Ti,0;, 36-1278 
21922 772101 gu 1467 66; 49y 2106) 8 000) InSb 19-— 579 

Gee ee BOS ARES Ob a ies eR Bi,Rb 28- 175 
Ueno oe ERE PRR CR tien Cyd CIE K,Bo(Ge,O,), 31- 975 

2.94, 2.76, 4.26, 2.09, 1.82, 3.38, 1.29, 5.80, DyPO,:1.5H,O 21- 316 

Omw21047 7.64 9d 625 02.8, nai23, We Sa1Gc00d,095.8 52,90, Rb, BiBr, 20- 986 
21933 ea 2 62 uno O55 2 40502 00s 2n16,, 02,65.) 2,585 Ca,Yb,0, 19— 262 
291 27.67 306, 29450 2)56, 8 SI12h Al06,) 3,68, Cu,(PO,)> 21- 298 

OO a OPEC RIPES EMI SE OP ACR Srla,TiO, 36- 211 
PROMS PLR SUE TOME OR IC ATR A YbD, 9- 256 

oh. iy 280, GER CR AIG Ea NaCoVO, 14- 54 
U2 Os? 765 2.00500 2/270 36550 062s, 1,83," 91,605 Co, SiO, 23-1045 

2907? 7601-627 e 2/00; mn) 70mm GOs) nl 455.26. B-TiFeO, 22- 490 
hb OR =, OP SI eK OC ea ZTE PbAs,S,/Sortorite i= 76 
2 CE HA ODA, “eer aR ATs ECR KCoPO, 33-1002 

2.05, 2.75555 2.005 147,591.29, 1.60, 2106, 1.38, InSb 22- 67 
2:94, ea 7 Speen on). 5se 625 200, 3/645)" 91075 Cd,C\VO,), 19- 185 

fan 2:04pm 27S, nt? 670m .67,00 01d, 3:20, 1.84, 4,55) PbyMg(Si,0,)3 32- 525 1.50 
wed O4ymre 2 755 2.676314 3:20, 5 4.545 (1:84, 2:81), Pb,Ni(Si,0,), 32- 527 1.60 

21935 es 7 Spd. 64,0 2.57790 0,40), 2.68, ) 1-83, 1.745 Al,Th 7- 308 
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FIGURE 15.4 A page from the Search Manual (Hanawalt Sec- for minerals only. (Reproduced by permission of 

tion) of the Mineral Powder Diffraction File. The information here JCPDS—International Center for Diffraction Data.) 

is similar to that in Fig. 15.3, except that here all data entries are 

2.94 — 2.90 (+.01) 
* 293, 332, 360, 304, 356, 235, 375, 469, Comallite Mee abies 
§ 2.93, 3.31, 3.13, 191, 176, 163, 227, 1.30, Wurttite-2H, syn ans 

2.93, 3.31, 1.91, 176, 313, 163, 227, 1.60, Wurtrite-2H, syn aka 

i 291, 330, 3.44, 275, 376, 302, 228, 2.07, Andorite Pb,As,0, 
29, Veo 302 0 217.6,08r 00.2 77,2 O27 e420, Poulmooreite 70, 

Andori CuPb,Sb,,S 2.89, 3.30, 3.42 274 3.72, 300, 2.86 1.88 ite, cuprian Ag; 49017574 

; : » 415° 393) 3.82, 194, 780, 5.84, — Chiovennite CaMnBe,Si,O, (OH),:2H,0 2.90, 3.28, ; 1 ) 3 ; Bo-Ti-Si-O 
o 289, 3728, 2:79, 2:59, 91, 1.53, 4:46, 3157; Unnomed mineral pre 

e219 250 27 37,4503 494.27 4 gs COI 227175 Meneghinite See 

#292, 9:27, 31035. 5196, 2107, «21094, 2:62, 11-94, Fabionite CoB,0,(OH) 

290, 327, 2.98, 193, 1.97, 3.58, 341, 3.40, Juonite Co,{Mg,Fe)3($i, Al), (O, OH)34:7H,0 
i) 2195405126; 3. Ollg 2.845 099195, 3188, i215, 00 4.225 Semseyite Pb,Sb,S,, 
© 294, 326, 1.70, 250, 3.3, 163, 1.36, 2.19, IIlmenorutile Fe,(Nb,Ta),,Tl, .O, 
i 291, 3.25, 2.19, 297, 493, 2.61, 2.98, 1.93, Viitaniemiite NoCoAKPO,\F,OH), 
¢ 2.90, 3.24, 3.02, 344, Ee Ss aes 2.14, 3.62, Bustamite, ferroan (Ca, Mn),Si,;0, 

o 292 3.23 4.38 ay73. 25765) 9) 5106, 413g 8-576 Roedderite (Na, K)2(Mg, Fe)(Al, Si), 7030 
i 292, 323, 277, 413, 375, 7.13, 509, 553,  Osumilite (K,No,CoXMg,Fe){Al, Fe),(Si, Al) O59°H,O 

Al, GRE BUS oC ee Teh Ciee, Gh a), Descloizite (Zn,Cu)PbVO ,(OH) 
oe, ee wey VY OO Woe Gi, tes Rusakovite (Fe, Al),(VO,,PO,),(OH),-3H,O 

i rh DM, OOS A, Bm, TC, eer eric Kanoite (Mn, Mg) 2(Siz0,) 

G 105 “SUS SECS SICA Bez I GIR SIA, Plagionite Pb,Sb,S,, 
i202 1) dO 2 00 292 2749) 1 OO 207592 Kanoite Sa eee ae) 
* 294, 320, 3.69 236, 2.1) 3.04, 1.67, 2.38, Topaz 2Si0,(F, OH), 

2.93, 320, 258, 1.80, 3.50, 2.71, 2.15, 4.54,  Carminite PoFe(AsO,),(OH), 
2.91, 3.20, 340, 2.63, 2.19% 2.10, 1.68, 1.57, Shcherbakovite NaK(Ba, K)T:(Si,0,), 

oO) 290.202 611 Non 2/3740 2-3l 1k9 202: 49,0 3.86, Unnamed mineral K-Co-CO, 
2.90, 3.20, 409, 1.84, 1.33, 1.52, 4.51, 3.52, Sogdianite (K,Na),Li{Li, Fe, Al);2rSi,09 

@ 205, SMIQY “GGRRO GAGE OeCRR Blof GOL GIO Baratovite LiKCaATi, Zr) ASi,O15)2F 2 
2190 Meee a1 B17 85 2°22) 25 12) 40 46 TOS Leightonite K,Ca,Cu(SO,),-2H,0 
MeO ee FR FO, ON, IX A&R PHIGS Belovite $r3(Ce,No,Ca)(PO,);OH 

i 20K, EMIGY SRE Co ie 2G, PRG, By Bayldonite Cu,Pb(AsO,),(OH), 
2935 eu a.13, | 1.90) 164, 1575 27222, aet9) Formanite, heated \nToO, 
2.92, 3.13, 269, 406, 1.78, 5.29, 2.49, 4.32, Kermesite Sb,0S, 

i 295, 3.11, 2.93, 1.78 435, 1.98, 2.68, 2.14, Okanoganite (Na,Ca)3Ln,7Si,B;0>,F), 
Se YY, SKINS APE Cy, EWA “SI, EE Pe Triploidite Mn, sFeo <PO,(OH) 

i 293, 3.11, 3.04, 2.66, 884, 2.69, 4.51, 3.58, Kulonite Bo(Fe, Mn, Mg)2Al,(PO,)3(OH), 
2.94, 3.10, 3.19, 1.80, 3.41, 2.58, 2.31, 2.15; Triploidite (Mn, Fe),PO,(OH) 
2.945) 53:10, 31002 2.16 34451655, 1-43) «107; Manganbabingtonite Ca,(Mn, Fe)FeSi,O, OH 
2593530900 S185 1679) e397 2"5 7? 9 en as Wolfeite (Fe,Mn)(PO,(OH) 

i 292, 3.09, 265, 881, 3.03, 268, 449, 2.69, Penikisite Ba(Mg, Fe) Al,(PO,)3(OH)5 

2.94, 3.08, 2.79, 3.44, 3.26, 2.24, 2.08, 1.88, Kalborsite KBAI,Si,O>9(OH),C! 
. : ws j : oe: 1.64, 469, 481, 2.36, 4.20, 4.27, Canasite (Na, K),Ca,$i,,059(OH,F), 
f FCO, SO, Ds 8, SIS Ses PIG, 27KP Pectolite NaCa,HSi,0. 
© 92:92; 3.07% 2159, 1.84, «1.50, 3:68, 1190; ‘N70, Samarskite, heated (Y.U,FeXNb, Ta, Ti),0, 
i 294, 306, 1.89, 3.96, 2.63, 2.48, 1.82, 2.20, Rosenbuschite (Na,Ca),(Fe, Ti, Zr\SiO,)F 

2925030650) 4:21, 315250 312400 6515S) 1G Kasolite P{UO,)SiO,-H,O 
2 ; ae : ot: ee 4 an aoe ea 1525 ZA Minette Prorerouse Pb.Cl((As, P}O,)3 

Fi x 35, 5 I, 83, 1.91, 2.56, Reinhardbraunsite Ca,(SiO,)2(OH) 

ect ae eee ee Cel OO CLOn x x Ck 2 Vly 66, 4.43, 2 ttropyrochlore (Y,Ce,Nd, ThXNb, Ti, Ta).0, 

i291 es 020 2.9053: 2) 2158p OG 49 IEG, Pigeonite (Fe,Mg,Ca)SiO, 
f BOO Ory OO, OR BS Ia, eo, eOk Pigeonite (Fe,Mg,Ca)SiO, 

AO SOI FGI Dee FE URE eS ee Sahlinite Pb, ,(AsO,)0,Cl, 
218 9x 3:0)) 5.7/5, 205) S OG 21025 SOI), Realgar, high, syn B-AsS 

i 295, 3.00, 4.84, 3.78, 3.70, 2.50, 2.88, 1.73, Huebnerite, syn MnWO, 
2,94, 3:00, 3106) 20? 88,253 2220 aT TP Roeblingite Ca,Pb,(SO,)2Si,0,,(OH 

: : vA. : oS i oy 2 ce d 70; d 86. aide 2.21, Tantaloeschynite-(Y), heated Wee. coyke THLE 
x e -BY, 3 3 3 -08, 4.16, Arcanite, syn K,SO 

1 20, BOR SOA 1S 9S Boe ihe, are Aeschynite-(Y), syn YTINbO, 1218.9 29.90 2-29, 1 93) Gn, SO} S77 OO Alunite (K,Na)Al,(SO,),(OH), 
GO AOR BOOR Ph, OY, PDO, Py, Zi, men Diopside, man i B F ganoan ‘Ca,Mn\Mg, Fe, Mn 
1 AO re On, Bo Gh RE ER aa Wolframite, syn ee Be eee i “CR OU GAIUG “PRR ah, mike, GE, aca Okanoganite (Na,Ca)qLn,9SixB,O,5F,, 7193. 5ume 2 97 ed) 8 375 EG IOO ees] sa 2) ATO Fedorite (K,No), «(Co,Na),Si,,05,(OH,F),-H,0 

2.89, 2.94, 443, 3:29, 2.61 1.39, 1 er »Na), s(Ca,Na),Si,4O39(OH, F),-H,O ae ne 43, K 2, 39, 87, 3:05; Jooquinite Ba,NaCe,FeTliSisO,,(OH) 

* ° 93, 3.73, 4.69, 3.62, 2.47, 2.46, 2.86, Sanmartinite, syn ZnW : fe) Cay BOR OR OI) PR GE Zu Pumpellyi es pellyite G | o OE OG ea A AC, De, AS, EES Sanmoninies ave aoa ta ate a ot 291 5 i + Sy! ZnWO, 
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EXERCISE 16 

DETERMINATION OF THE UNIT CELL SIZE OF AN ISOMETRIC 
MINERAL FROM ITS X-RAY POWDER DIFFRACTION PATTERN 

PURPOSE OF EXERCISE 

To understand the use of X-ray powder diffraction data 
for the determination of the unit cell size (in angstrom or 
nanometer units) of an isometric crystalline substance. 
This approach is restricted to isometric substances be- 
cause only in materials of the highest symmetry can 
powder diffraction data be used for the unambiguous 
evaluation of unit cell size. 

BACKGROUND INFORMATION: In exercise 13 the 

20 angles and corresponding d values were obtained for 
an isometric mineral. The question now is “Can such d 

values be related to the Miller indices of the parallel 

stacks of planes responsible for the diffraction?” Further- 
more, if we know the Miller indices, “Can d and hkl be 

related to unit cell size?” The answer to both these 

questions is yes, because there are equations that related, 

hkl, and unit cell size. For orthorhombic symmetry this 
equation is as follows, 

1) Jee 
eer ees 
UE’ Se b c 

where d isa specific interplanar spacing,a,b, andc are the 
unit cell edges, and hkl is the Miller index of a specific 

stack of parallel planes responsible for the diffraction 
measured at the corresponding d. This relationship be- 
comes much more complicated in nonorthogonal sys- 
tems (such as monoclinic, and triclinic) but reduces to a 

very simple expression for the isometric system. Because 
there is only one cell edge, a, in isometric crystals, the 

expression becomes 

Lage 
De ee law 

hkl a 

Gime ay) 

The foregoing equation relates the measured value of d 
toa specific unit cell edge and Miller index. Another way 
of saying this is that spacings in the isometric system are 
proportional to (h? + k* + 1?)-'”? and that they differ from 
one isometric substance to the next only in scale, which 
is a function of the value ofa. This means that the spacing 
of a specific plane is a linear function of the cell edge, and 
this relationship can be expressed by a graph as in Fig. 

160 
As will be outlined in the assignment, thed values (for 

the substance measured in exercise 14 and transferred to 
Table 16.2) must be plotted ona strip of paper, according 
to the horizontal scale of Fig. 16.2. This strip is moved 
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vertically on the graph (keeping it parallel to the horizon- 
tal axis) until all marks (representing the various observed 
d values) coincide simultaneously with a number of the 
inclined lines. The lines on the graph give the appropri- 
ate Miller index* (or indices) of the diffraction planes, 

and the horizontal intersection on the vertical axis (= cell 
edge) gives an approximate unit cell size. 

The best fit for the d values of gold in Fig. 16.1 shows 
that by no means are all possible hkls (as plotted on the 
graph) present in the gold pattern. The absence of quite 
a number of possible hkls is due to (1) random absences, 

caused by such low X-ray diffraction intensity on the film 
that a specific line may be missed, and (2) systematic 
absences, which are the result of space group elements 
(these are known as “space group extinctions”). X-ray 
“reflections” are systematically absent because of lattice 
centering, as occurs in F, I, R, and C (or B, or A) lattices; 

and because lattice nodes are interleaved owing to glide 
planes and screw axes. The space group of gold is Fm3m, 
which is equivalent to F4/m32/m. Because the lattice 
type is all-face-centered (F) instead of primitive (P), 
specific absences (“extinctions”) occur in the listing of 
possible hkls. 

Specifically for an F cell, hkl is present only when h + 
k =2n,k+1=2n, and h + 1 = 2n, where n is an integer 

including zero. These conditions are equivalent to re- 
quiring thath,k, and /be all odd or all even. If you inspect 

the hkl listing in Fig. 15.1 for gold on the strip, you will 

note that this is indeed the case. 
This very short introduction to some aspects of space 

group extinctions should serve as a warning that you 
must not expect all lines (and Miller indices) that are part 
of the graphical construction in Figs. 16.1 and 16.2 to be 
present in your own pattern. Indeed, the mineral used in 
exercise 14 (for which the data are now recorded in Table 

16.2) has the same space group as gold, F4/m32/m. 

As noted earlier, once you have determined a good 
line fit on the graph, you can read an approximate unit 
cell edge on the left vertical scale. Subsequently, using 
the relationship 

diy = 2h. ae 

Ta eal 

you can calculate ana value for each of the ds for which 

*By now, you may have noticed that the Miller index notation for 
X-ray diffraction lines consists of hkl values without enclosing paren- 
theses, or brackets. This allows for recognition of X-ray related Miller 

indices, as distinct from Miller indices for morphological forms. 

239 
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Figure 16.1 Anexample of the graphical solution of hkls and well as their Miller indices at ana value of 4.07 A. (From E. W. 

the unit cell edge for an isometric substance. The strip that is Nuffield, 1966, X-ray Diffraction Methods, Wiley, New York, p. 

overlaid on the graph shows the measured d values for gold, as 120.) 
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Figure 16.2 The enlarged upper portion of the graph in Fig. 
16.1 for use in this exercise. 
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MATERIALS ‘ you have (with the graph) assigned a corresponding hkl. 
This procedure, instead of giving you one graphically 
determined a, gives you as many calculated a values as 
you have d values. Some of these calculated a values will 
be more precise than others. Those determined on the 
basis of lines at high 26 values will be more precise than 
those calculated for low 20 “reflections”. In Table 16.2 
you are asked to average the as calculated for the three 
highest 26 lines (smallest d values) for which you have a 
Miller index. This allows for a comparison of your gra- 
phically determined a and calculated a. Table 16.1 gives 
a partial listing of solutions to the quadratic form h? + k? 
+ I?, which will help you to solve the equation. An ex- 
haustive list of these solutions is given in Azaroff and 
Buerger (1958), The Powder Method, Appendix 1, pp. 

269-273. 

If you have measured the film in Fig. 14.2b (exercise 14) 
you should transfer the d and intensity data from Table 
14.2 to the third column in Table 16.2. If you have not 
made your own measurements, you can use the published 
d values as listed in Table 16.2 (second column). You will 
need a strip of paper on which to plot these ds, ona scale 
identical to the horizontal scale of Fig. 16.2. A pocket 
calculator with square root function will be helpful. 

REFERENCES See listing in exercise 14. 

ASSIGNMENT: This assignment is based on the X-ray 
diffraction data (d values and their intensities) that were 

obtained for the isometric mineral in exercise 14. 
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. Transfer the ds you obtained as a result of your meas- 
urement of the film in Fig. 14.2b (as listed in Table 14.2) 

to the third column in Table 16.2 or use the published 
d values as listed in the second column of Table 16.2. 

. Use either set of d values and scale the ds ona horizon- 
tal paper strip to exactly the same scale as that given 
in Fig. 16.2 for the horizontal axis of the graph. Notice 
that the d value of your first line (line 1) will lie to the 
far right and that decreasing values of d will plot to the 
left of this first position. 

- Move the carefully marked strip vertically on the 
graph in Fig. 16.2 (keeping it parallel to the horizontal 
axis) until many of your marks coincide with one of 
the inclined lines. When you have such coincidence, 
you can read off the Miller index that corresponds to 
each of thed values. The horizontal intersection on the 
vertical axis will give you a reasonably good value for 
the unit cell size. Keep in mind that because the 
substance for which you are resolving the Miller 

occur in the pattern. The space group of the substance 

is F4/m32/m, which results in all hkls that are not all 

odd or all even being absent. 

. In Table 16.2 list the appropriate hkl (or hkls if two or 
three coincide) for each d. 

. In Table 16.2 record the graphically determined unit 
cell edge. 

. Using the relationship 

nite 

Ning PoP 
determine an a value for each of the ds for which you 
now have a Miller index. List these a values in Table 

‘Gaz 

d hkl — 

. Average thea values for three lines with the highest 26 
values (that is, the lowest ds) in the pattern. This 
averaged value will be different from the value you 
determined graphically. Unit cell edges calculated 
from high-angle lines in a diffraction pattern tend to 
be more accurate than those determined from other 

(lower-angle) lines. 
indices (for its interplanar spacings) has aspace group 
with lattice centering, not all possible hkl values will 

TABLE 16.1 Some Solutions to the Quadratic Form N = h? + k? + 1? for Isometric Minerals 

N hkl N hkl 

1 1,0,0 26 5,1,0;4, 3,1 
2 Hake 27 5,1,1;3,3,3 
3 iets 28 
4 2,0,0 29 5,2,0;4, 3,2 
5 210 30 52,1 
6 oes 31 
7 32 4,4,0 
8 2G 33 5,2,2;4,4,1 
9 3,0, 0;2,2,1 34 5,3,0;4,3,3 
10 3,1,0 35 5,3,1 
11 314) 36 6,0,0;4, 4,2 
12 VE IE) 37 6,1,0 
13 B50 38 6,1,1;5,3,2 
14 Boe 39 
15 40 6, 2,0 
16 4,0,0 41 6,2,1;5, 4, 0; 4, 4, 3 
i Ca Wipe eo) 42 5,4,1 
18 4,1,1;3,3,0 43 5,3,3 
19 Aas 4] 44 eee 
20 4,2,0 45 6,3,0;5, 4,2 
21 4,2,1 46 6,3,1 
22 3.372 47 
23 48 4,4,4 
24 LDx) 49 7,0, 0; 6, 3, 2 
25 5,0, 0; 4, 3,0 50 7,1,0;5,5,0;5, 4,3 
$e ee 



EXERCISE 16 
Student Name 

Table 16.2 Tabulation of Data, hkl Assignments, and Unit Cell Size Determinations. 
Refer to Table 14.2. 

Your Own 
Measurements 

Line Number | Published‘ d of d NY hkI a’ 

1 S515 90 

2 1.9316 , ; 100 

2) 1.6471 40 

4 1.3656 10 

> 12033 10 

6 iljuley2 20 

7 1.0514 10 

8 0.9658 <10 

9 0.9234 <10 

10 0.8638 i 

11 0.8331 <10 

12 0.8236 <10 

13 Nn.a. 

2 From last column in Table 14.2. 
> From values marked on Fig. 14.2b. 
© As obtained from best fit with the graph in Fig. 16.2. 
4 A value for a for each of the ds using the quadratic equation and Table 16.1. 
n.a. = not available. 

Graphically determined a: 

Average of three highest 20 values; a = 

Copyright John Wiley & Sons, Inc. 243 
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EXERCISE 17 
ATOMIC PACKING, RADIUS RATIOS, COORDINATION 

NUMBERS AND POLYHEDRA, AND ELECTROSTATIC VALENCY 

PURPOSE OF EXERCISE 

Recognition of various ways in which spheres can be 
packed in two- and three-dimensional arrays. Equal- 
sized spheres arrayed in three-dimensions form close- 
packed hexagonal and cubic structures. Inorganic crys- 
tal structures can be analyzed and described in terms of 
the nearest neighbor atoms about an interstice (a small 
space between spheres or atoms) or a specific atom; such 
analysis leads to the concepts of nearest-neighbor coor- 
dination, coordination polyhedron, and radius ratio. 

Once a coordination polyhedron has been selected about 
a specific atom (or ion), an average bond strength (the 
electrostatic valency) can be calculated. 

BACKGROUND INFORMATION: Many inorganic 

crystalline substances have structures that can be viewed 
as orderly packings of spheres, where the spheres repre- 
sent atoms or ions. The simplest structures are built of 
packings of equally sized spheres; structures are more 
complex when spheres of different sizes are packed. In 
using the term sphere we assume that it has a fixed size, 
such as, for example, a plastic ball with a diameter of 1 

cm, ora Ping-Pong ball witha diameter of 4 cm. Ions and 
atoms may be treated as spheres, but not always as rigid 
spheres with constant diameters. Table 4.8 in Manual of 
Mineralogy, 21st ed., p. 188 gives effective ionic radii as a 
function of coordination number. For example, the ra- 
dius of O* ranges from 1.36 A (in 3-fold coordination) to 
1.42 A (in8-fold coordination). Such variations in radii of 
specific ions are mainly the result of variations in the 
local arrangement of ionic neighbors around the oxygen 
ion in question; these are a function of the coordination 
number of oxygen (as will be discussed more fully later). 
As such, real ions and atoms cannot be treated as having 

a rigid outer surface with a fixed spherical radius. How- 
ever, in this exercise we will approximate ions (or atoms) 
as rigid spheres of constant diameter (or radius). Even though 
this approach is, in detail, an oversimplification, it al- 

lows for an introduction to, and understanding of, some 

very basic aspects of the packing of ions (and atoms) in 
crystal structures. 

Ions (or atoms) in crystal structures are bonded to 
their nearest neighbors by various types of bonds, de- 
scribed as ionic, covalent, metallic, van der Waals, and so 

on. In this exercise we will concentrate on the geometri- 
cal arrangement of nearest neighbors about a central po- 
sition (which may or may not be occupied by an atom or 
ion), and we will be less concerned with the bonding 
mechanisms. The space between an arrangement of 
spheres is knownas an interstice (or interstitial space). The 
geometric arrangement of the closest nearby spheres 
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about such an interstitial space (if empty), or about a 

central (interstitial) sphere (or atom), is known as the 

coordination polyhedron. The number of first (or closest) 
neighbors is referred to as the coordination number. Fig- 
ure 17.1 shows several such coordination polyhedra for 
three-dimensional arrays consisting of equal-sized 
spheres touching their closest neighbors. The central 
space (in Fig. 17.1 this is an empty interstice) may or may 
not be occupied (in actual crystal structures) by an ap- 
propriately sized spherical atom (or ion). In any of the 
references given later, you will find discussions of radius 
ratios in which the radius of an interstitial, spherical 
atom is commonly referred to as R, (the radius of a 
cation) and the radii of the touching spheres (which 
define the coordination polyhedron) are referred to as R, 
(radius of an anion). Values of R,/R, are useful predic- 
tors of the number of nearest neighbors and the geomet- 
ric shape of the coordination polyhedron (see Fig. 17.2). 
Methods for the calculation of limiting radius ratios (that 
is, radius ratios representing a change from one type of 
coordination to another) can be found in several of the 
references given later. Here, it will suffice to list such 
radius ratios and the various packing geometries (see 
Table 17.1). 

Until now we have concerned ourselves with various 
sizes of neutral spheres and their packing arrangements. 
If we wish to extend this approach to real ions, we must 
also consider the various charges the ions (or in this 
discussion the spheres) carry. For example, the (AsO,)* 
group in arsenates occurs as a tetrahedron because of the 
radius ratio of R R is 0.25 (ionic radius of As** = arsenic’ oxygen 

0.34 A; ionic radius of O% = 1.36A; taken from, e.g., Table 

4.8 in Manual of Mineralogy, 21st ed., p. 188). But as is 
clearly implied by the charge on the arsenic (5+) and on 
the oxygen (2-) ions, the spheres in such packing schemes 
are not neutral. Indeed, it is appropriate to ask how the 
charge of the cation (generally the smaller ion in a 
coordination polyhedron) is distributed over its closest 
ionic neighbors. The attraction between oppositely 
charged ions is the main bonding force in ionically 
bonded structures. In the tetrahedrally coordinated 
(AsO,)* group, the As** is surrounded by four closest- 
neighbor O* ions, and the question “What on average is 
the bond strength (or the electrostatic valency) of one of 
the four As—O bonds?” can be answered by a simple 
calculation. Electrostatic valency (abbreviated as e.v.) is 
defined as the ion’s valence charge divided by its coor- 
dination number. In the (AsO,)* group the e.v. of one of 
the As—O bonds is 5 divided by 4 (5 being the +5 charge 
on the As* cation and 4 being the C.N., the number of 
closest neighbors to the As) resulting in an e.v. of 14. If 

245 
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FIGURE 17.1 Examples of the close packing of equal-sized 

spheres in three dimensional arrays. In each of the three draw- 

ings the interstitial space (the interstice between the spheres) is 

empty. The number of spheres that touch one another about the 

interstice is known as the coordination number (C.N.). The 

shape that is outlined by connecting the centers of the closest 

spheres is known as the coordination polyhedron. 

(a) Four equal-sized spheres with each sphere touching the other 

(6) 

(c) 

three outline a regular tetrahedron (so shown by connecting the 
centers of the spheres). The coordination about the interstice is four 
closest neighbors; therefore the C.N. is 4. 

Six equal-sized spheres with each sphere touching four other 
spheres outline a regular octahedron (so shown by connecting the 
centers of the spheres). The coordination about the interstice is six 
closest neighbors; therefore the C.N. for the interstitial space is 6. 

Eight equal-sized spheres with each sphere touching three other 
spheres outline a cube (so shown by connecting the centers of the 
spheres). The coordination about the interstitial space is eight closest 
neighbors; therefore the C.N. interstice is 8. 
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FIGURE 17.2 Examples of various radius ratios. R, is the 
radius of the smaller sphere (or atom, or ion) that can be fitted 
into the interstice between larger spheres with radius R,. The 
five diagrams with large spheres represent plan views; the 

Triangular coordination 
C. 

y 
€E)- 

Triangular coordination 
C.N. = 3 

-€€¥)-)- 

Rz = 14.0 mm 

(c) 
Rx = 2.50 mm 

Rx _ 25 _ 09178 
Rz 14.0 j 

or Rx = 17.8% Rz 

(a) Triangular coordination (in a two-dimensional array) about 
an empty interstitial space, C. N. = 3. 3 
(b) Here the interstitial space is filled exactly with the largest 
possible small sphere. The center of this small sphere lies in the 
plane of the centers of the three larger spheres. R, is the radius 
of the small sphere, R, the radius of the larger spheres. Their 
ratio, R, : R,= 0.155, means that the radius of the small sphere, 

as compared to the radius of the large sphere, must be 15.5% 

smaller diagrams represent vertical views. To help you under- 
stand more fully what is illustrated here, use four Ping-Pong 
balls and several small plastic spheres to make identical ar- 
rangements. 

Triangular coordination 
C.N. = 3 

CO) 

Rz = 14.0 mm 

Rx = 2.17 mm 

or Rx = 15.5% Rz 

that of the large sphere. If it is larger than this, it will not fit 
between the three large spheres in the plane defined by the 
centers of the large spheres (see the small vertical view). 
(c) Here the radius of the small sphere is too large to fit between 
the three touching large spheres in the plane defined by the 
centers of the large spheres. The small sphere now has to be 
moved up (vertically) to be accomodated (see small vertical 
view). 
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FIGURE 17.2 (continued) 

e D> 

Rz = 14.0mm 

(a) 

Rx = 3.15 mm 

Tetrahedral coordination 
C.N. = 4 

Rz 
Ry _ 3155 0.295 

or Rx = 22.5% RZ 

(e) 

Tetrahedral coordination 
C.N. = 4 

(d) Here the smaller sphere is larger than in parts band cand has 
been drawnso that R, : R,= 0.225. This ratio of the radius of the 
small sphere to that of the large spheres allows not only the 
small sphere to touchall four surrounding large spheres but the 
four large spheres to touch one another. This is tetrahedral co- 
ordination (C. N. =4). Wecan continue to increase the size of the 
small sphere until the radius ratio is 0.414. Between 0.225 and 
0.414 there is tetrahedral coordination, but a ratio such as 0.400 

S aD 

Rz = 14.0mm 

Rx = 5.6mm 

implies that the large spheres no longer touch one another; all 
four touch only the central smaller sphere (see part e). 
(e) There is tetrahedral coordination, with four large spheres 
each touching the smaller central sphere. The radius ratio for 
this arrangement is 0.400. If the central sphere becomes so 
large, relative to the surrounding spheres, that the ratio is 
larger than 0.414, the coordination becomes octahedral. 
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TABLE 17.1 Atomic Packing Schemes 

Packing Geometry 

Linear 

“Corners of an equilateral 
triangle (triangular 

coordination) 

Corners of a tetrahedron 
(tetrahedral coordination) 

Corners of an octahedron 
(octahedral coordination) 

Corners of a cube 
(cubic coordination) 

Corners of a cuboctahedron 
(close packing) 

@Geometric derivations of these limiting ratio values are given in Manual of Mineralogy, 21st ed., p.194. 
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the average bond strength reaching an anion (in a coor- 

dination polyhedron) is exactly half the charge carried 

by the anion, numerous linking patterns (or coordina- 

tion polyhedra) can develop (see exercise 18). 

REFERENCES 

Klein, C., and Hurlbut, C. S. Jr., 1993, Manual of Mineralogy, 21st 

ed., Wiley, New York, pp. 184-201. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 109-149. 

Berry, L. G., Mason, B., and Dietrich, R. A., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 121-125. 

Bloss, F. D., 1971, Crystallography and Crystal Chemistry, Holt, 

Rinehart and Winston, New York, pp. 201-218 and 221-256. 

MATERIALS 

Figures 17.3 through 17.6 and Table 17.2 form the basis 
for this assignment. You will also need a ruler and pencil. 
Access in the laboratory to models of coordination poly- 
hedra and closest-packed structures will help you to 
recognize the various geometrical arrangements. If such 
models are not available, various coordination polyhe- 
dra can be constructed very simply by gluing together 
Ping-Pong balls, or tennis balls, and various-sized small 

plastic balls. 

ASSIGNMENTS: Theassignments are based on the illus- 
trations in Figs. 17.3 through 17.6, and Table 17.2. 

1. Two-dimensional packing of equal-sized spheres, Fig. 
17.3. In this figure equal-sized (identical) spheres are 
arranged in various planar patterns (arrays). For each 
of the arrays (a throughe) you are asked to describe the 
geometry of the packing. Do this by connecting the 
centers of neighboring spheres with lines (in doing 
this you are outlining unit cell choices of two-dimen- 
sional plane groups); always work on spheres that are 
located in the inner part of the drawing, because if you 
select spheres at the edge you lose the continuity of the 
pattern (or array). Descriptive geometric terms for 
your answers include oblique, square, and hexagonal. 
For each of the drawings you are also asked to give the 
coordination number (C.N.) by counting the number 
of neighbors that touch any chosen sphere. You are 
furthermore asked to outline the geometric shape of 
the coordination pattern by connecting the centers of 
the spheres that touch some central sphere. Finally, 
you are asked to sketch the shape between touching 
spheres, that is, the shape of the interstice. 

2. Three-dimensional packing of equal-sized spheres, 
Fig. 17.4. In the first three parts of this figure (@ 
through c) you are asked questions about unit cells 
and their shapes; about coordination numbers for 

specifically identified spheres or interstices; and about 

cross sections through the three-dimensional models 

along specific planes. In Fig. 17.4d you are introduced 

to astacking sequence described as ABABAB... where 

the spheres in the second layer lie on top of the B voids 

of the first layer; here you are also asked about coor- 

dination numbers. In Fig. 17.4e you are asked to 

identify the stacking sequence with the appropriate 

symbolic letter sequence and to locate the two differ- 

ent types of coordination arrangements throughout 

this two-layer sequence. In Fig. 17.4f you are intro- 

duced to a three-layer stacking sequence ABCABC... 

in which the first-layer spheres are represented by A, 

the second-layer spheres lie on the top of the B voids, 

and the third-layer spheres lie on top of the C voids. 

. Two-dimensional packing of two types of equal-sized 

spheres, Fig. 17.5. The two types of spheres (labeled X 

and Y) are packed in various arrays (a through d). In 
the drawings the two types are distinguished by 
differences in shading. If these were to represent 
atomsin real crystals (of, for example, alloys), X might 

represent Cu atoms and Y Zn atoms. In the four 
drawings you are asked to outline unit cells and to 
determine the composition of your chosen unit cell; 
concentrate on spheres in the internal part of the 
drawing, not at the edge. After you have outlined the 
unit cell, count how many spheres there are of X and 
of Y. Clearly you must sum the various fractions that 
each of the spheres contributes to the unit cell as well. 
For example, four quartered segments (of a sphere, or 
atom in a unit cell) add up to one whole sphere. You 
express your composition in terms of XY with sub- 
scripts to either X or Y, or to both. If the composition 

consists of equal amounts of X and Y, the final nota- 

tion is X,Y,, or just XY. A similar composition for a 
Cu-Zn alloy would be CuZn. In Fig. 17.5 outline the 
unit cells in the drawings and write the resultant 
compositions to the right of the drawings. 

. Calculation of average bond strength (electrostatic 
valency; e.v.) in various coordination polyhedra, Fig. 
17.6. For each of the five polyhedra calculate the e.v. 
by dividing the cationic charge by the number of 
nearest neighbors (C.N.). Which of the five are mes- 
odesmic bonds? Label these with the term “mes- 
odesmic.” 

. Calculation of radius ratios for various given com- 

pounds, and deriving these from the predicted coor- 

dination number about a specific cation, Table 17.2. 
Consult Table 17.1 for limiting values of radius ratios. 



EXERCISE 17 
FIGURE 17.3 Assignment on two-dimensional packing of 
equally-sized spheres. 

Oo 
(a) LS 

3. In the array outline the shape of 
coordinating spheres. 

Se 4. Sketch the shape of the interstice 

Student Name 

eee e 1. Geometry of array _-_-_____ 

(b) x 

3. In the array outline the shape of 
coordinating spheres. 

Ze 
4. Sketch the shape of the interstice 

1. Geometry of array ---___~-~— 

22CNSoco eo Se 

(ce) 

3. In the array outline the shape of 
coordinating spheres. 

4. Sketch the shape of the interstice 
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EXERCISE 17 
FIGURE 17.3 (continued) 

5:08 
St OS 

(e) 

Copyright John Wiley & Sons, Inc. 

Student Name 

— M_GeOMethylOl ahay settee 

CIN ee 

3. In the array outline the shape of 

coordinating spheres. 

- _ Sketch the shape of the interstice 

o _ How does this array relate to that 

in fig. 17.36? 

1. Geometry of array --------— 

3. In the array outline the shape of 

coordinating spheres. 

4. Sketch the shape of the interstice 

5. How does this array relate to that 

in fig. 17.3a? 
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EXERCISE 17 
FIGURE 17.4 Assignment on three-dimensional packing of 
equal-sized spheres. 

Plan view Three-dimentional stacking 

(a) Aj 
Ya 

ig 
A, 

(b) 

(c) 

Aj Aj 

Copyright John Wiley & Sons, Inc. 

Student Name 

. Outline unit cell in model and give 
name of its shape 

. C.N. of interstice of model__._-._ _ 

. Sketch of packing along the plane 

A, Aj, A2A?2 

. Outline unit cell in model and give 
name of its shape 

. C.N. of central (shaded) sphere 

(B) 

. Sketch of packing along the plane 
A, A, A2A2. 

. What differentiates this packing 
from that shown in part a? 

. Outline smallest unit cell choice in 
plan view and give name of its 

shape 

. C.N. of sphere S 
in the two-layer sequence 

. Sketch of packing along 

A, A2AjA2 

. After adding a third layer below 
the plane A, Aj, 
what becomes of the C.N. of 
sphere S? 
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EXERCISE 17 
FIGURE 17.4 (continued) 

Student Name 

(d) 

(+X Y+) C.N. of shaded sphere is 

One layer of spheres; Two-layer stacking AB 
B is the location of voids 

In three-layer stacking ABA the 
C.N. of any sphere is 

Three-layer stacking ABA 
(hexagonal close-packed) 

(e) 

1. Give stacking 
sequence of this 
two-layer stack 
(using A and B notation) 

2. This stacking has two 
different types of interstices 
with different coordination 
numbers. Locate these two 
types throughout the drawing and 
give their C.N.: 

Copyright John Wiley & Sons, Inc. 257 
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EXERCISE 17 
FIGURE 17.4 (continued) 

(f) 

oS 
| 

Ge EN EN | 

Ne 

We C voids 

One layer of spheres with 
all void spaces identified 

Student Name 

Instead of stacking a sequence of AB AB AB.... 
(as in Fig. 17.4d), we can stack a somewhat 

different sequence ABC ABC..... 

What is the C.N. of any sphere in such 
a sequence? 

The ABC ABC sequence is known as 
cubic close-packed. 

In the schematic projection of 
such a sequence, label the 

atomic positions with A, B, and C. 

Copyright John Wiley & Sons, Inc. 259 
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EXERCISE 17 
Student Name 

FIGURE 17.5 Assignment on the two-dimensional packing 

of two types of equal-sized spheres. 

(a) 
In each of these four drawings 

outline an appropriate unit cell 

and determine the composition of 

this unit cell (e.g., X Ya, etc.) 

(b) 

(c) 

(d) 

Single layers of equally-sized spheres (= atoms) 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 17 
FIGURE 17.6 Assignmentonthecalculation of averagebond strengths. 

Student Name 

Average bond strength, 
or @.v. = 

Triangular: CO, with C** and O?- 

Triangular: BO3 with B2+ and O2— 

EN eae ae 

Tetrahedral: SO4 with S©+ and 02- 

Tetrahedral: PO4 with P°+ and 027 
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EXERCISE 17 
Student Name 

TABLE 17.2 Assignment on the Calculation of the Radius Ratios for Various Compounds. 

Compound Radius Ratio R, : R, (Radii Given Below) Predicted Coordination Number * (C.N.) 

ZnS 

FeO 

NaCl 

CsCl 

CuCu (metal) 

Zn2*[6] = 0.74 A; S*-14] = 1.84 A; O%-[3] = 1.36A; Si**14] = 0.26 A; AI*[4] = 0.39; Fe**[6] = 0.65A; Fe**[6] = 0.78A; Ca?*I6] = 

1.00A; Mg2*[6] = 0.72A; Tit*[6] =0.61A; Na*[6] = 1.02A; Cl-{6] = 1.81A; F-[6] = 1.33A; Cs*[6] = 1.67A; Cu(atomic) = 1.28A; ionic 

and atomic radii taken from Tables 4.8 and 4.9, respectively, in Manual of Mineralogy, 21st ed., p. 186 and p. 188. Numbers 

inside square bracket are coordination numbers. 

@ Predicted coordination numbers may not equal the coordination number in the actual crystal structure. This is in large part because in real 

structures the atoms and ions do not behave as perfect spheres. Indeed ions and atoms, especially large ones, are easily polarized, which means 

that their shape has become somewhat ellipsoidal, instead of being truly spherical. 

Copyright John Wiley & Sons, Inc. 265 
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EXERCISE18 

ON THE LINKING OF ANIONIC GROUPS: TRIANGLES 
IN BORATES AND TETRAHEDRA IN SILICATES 

PURPOSE OF EXERCISE 

Understanding the linkages that may develop between 
(BO,)* triangles in borates and between (SiO,)* tetrahe- 
dra in silicates. The various linkage schemes of such co- 
ordination polyhedra are known as polymerization. Each 
of these combinations of polyhedra has a unique chemi- 
cal composition. 

BACKGROUND INFORMATION: In exercise 17 you 
were introduced to the concept of the electrostatic va- 
lency (abbreviated as e.v.) of a bond, as being the ion’s 
valence charge divided by its coordination number (see 
Fig. 17.6). If the average bond strength reaching an anion 
in a coordination polyhedron (such a bond strength is 
expressed as e.v.) is exactly half the charge carried by that 
anion, numerous linking patterns (of coordination poly- 
hedra) can develop. 

For example, in a tetrahedral coordination polyhe- 
dron of (SiO,)* the average bond strength (e.v.) of one of 
the four Si-O bonds is 4 divided by the coordination 
number, C.N. = 4; this results in an e.v. of 1 per bond. 

However, an oxygen ion has a negative charge of 2-; as 
such exactly half of the charge of the oxygen ion is 
neutralized by one of the Si-O bonds. This means that the 
other half of the charge on the O* can be neutralized by 
linking to another (SiO,)* tetrahedron. As such the oxy- 
gen in question becomes a bridging ion between two 
tetrahedra with its 2— charge completely and exactly 
neutralized by two Si-O bonds from two different (SiO,)* 
tetrahedra. Such a bridging mechanism is fundamental 
to the linking of coordination polyhedra (in this case 
tetrahedra) and is the basis for what is commonly re- 
ferred to as polymerization. Such linking patterns are 
‘restricted to coordination polyhedra where thee.v. of the 
cation—anion bond is exactly half that of the charge of the 
anion; such bonds are known as mesodesmic, from the 

Greek words mesos, meaning middle, and desmos, mean- 

ing bond. 
Such linkages result in geometric motif combinations 

made of two or more polyhedra, as well as in infinitely 
extending polyhedral patterns. In these two-dimensional 
or three-dimensional patterns of polyhedral linkages, 
one can outline a unit cell for the pattern, and one can 
express the chemical composition of the unit cell (as a 
function of the types and numbers of specific ions mak- 
ing up the polyhedron, that is, the motif). 

Copyright John Wiley & Sons, Inc. 

REFERENCES 

See listing in exercise 17. 

MATERIALS 

Figures 18.1 and 18.2 form the basis for this assignment. 

ASSIGNMENT 
1. Linkage of BO, triangles as in borates. In Fig. 18.1a the 

triangular coordination of the BO, group is shown; 
this consists of B** at the center of the triangle and O7 
at the three corners. The overall electrical charge on 
the BO, group is calculated on the basis of the number 
of cations and anions in the group; one B* and three 
O* results in an overall charge for the BO, group of 3- 
which is noted as a superscript outside the brackets 
around the group, (BO,)*. Because the e.v. of each 
bond that connects B to O is 1, it neutralizes exactly 
half of the 2— charge on the oxygen. This then is a 
mesodesmic bond and oxygen is the bridging ion be- 
tween two (BO,) groups. This leads to various pat- 

terns of linking of BO, groups and is knownas polym- 
erization. In Fig. 18.1 you are asked to derive the 
chemical composition for the various linked patterns, 
many of which are found in natural borates. To arrive 
at the chemical notation, count all the B and O ions 

that are part of the pattern. Once the subscripts for B 
and O are known, you can calculate the overall charge 
for the group, or the subunit of the repeat pattern (that 
is, the unit cell of the repeat). For a definition of unit 

cell see exercises 10 and 11. 

2. Linkage of SiO, tetrahedra as in silicates. In Fig. 18.2 
various linkage patterns of SiO, tetrahedra are shown. 
Figure 18.2a shows the tetrahedral coordination of the 
SiO, group. For each of the schematic patterns you are 
asked to derive the chemical notation of the whole 
motif (the linkage unit) or the unit cell of some indefi- 
nitely extending linkage. Once you have established 
the subscripts to Siand O in the chemical formula, you 

can calculate the overall charge of the group, or unit 
cell. That is, if the unit has the composition Si,O,, the 
overall charge on this would be 3 x 4+ = 12+ (from 
three Si**) balanced by 9 x 2— = 18- (from nine O*), 

resulting in (Si,O,)*. In some instances you are asked 
to substitute a specific amount of Al for Si in the 
formula unit and to record the final composition of 

267 



268 EXERCISE 18 

such Al-Si substitution and the overall charge. For 
example, beginning with the composition SiO,, you 
could imagine substituting one-fourth of Si** by Al*. 
This would lead to the formula (Si, ,,Al, ,,)O,, which if 

we multiply all subscripts by 4 (to clear the fractions) 
results in Si,AlO,. The overall charge of this Si-Al-O 
tetrahedral arrangement is (3 x 4+) + (1 x 3+)—-(8 x 2-) 
= 1-, resulting in (Si,AlO,)". You probably recognize 

this as the composition of the tetrahedral framework 
of orthoclase, KAISi,O,. 

In Fig. 18.2b through g report the compositions and 
electrical charges as requested; also outline unit cells 
in Figs. 18.2d through g. In Figs. 18.2f and g you are 
asked to locate any mirrors and glide planes in the 
infinitely extending linkages. 



EXERCISE 18 
Student Name 

FIGURE 18.1 Assignment on linkages of BO, groups in borate structures. 

Schematic 
representation 

(a) ~~ (BO3)?~ group 
B3t+ aa a 

Composition and charge 

(b) 
Of RfOUP ye ee ee ps 

2 linked triangles 

Composition and charge 
(c) 

Of, GFOUD = eee eee 

3 linked triangles (3-fold ring) 

Composition and charge 
(d) 

Of, ROU Pees eee ee eee ere 

4 linked triangles (4-fold ring) 

Composition and charge 

(e) 

6 linked triangles (6-fold ring) 

Copyright John Wiley & Sons, Inc. 269 
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EXERCISE 18 
FIGURE 18.1 (continued) 

(f) 

Student Name 

Composition and charge 
of the repeat between arrows: 

Infinitely extending single chain of triangles 

Composition and charge 
of the repeat between the arrows: 

Infinitely extending double chain of triangles 

Composition and charge 
of the repeat 
inside the unit 
cell (outlined with 
dashed lines) 

Infinetely extending sheet of triangles 
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EXERCISE 18 
FIGURE 18.2 Assignment on linkages of SiO, groups in silicate structures. 

Student Name 

(b) 

Composition and charge 

SiO4 tetrahedral group 

(e) 

Infinite chain 

Composition and charge 

i Composition and charge 

Mark the 
unit cell choice 

on the chain. 
(d) > Infinite chain 

Composition and charge 
for one Al substituting for 
one Si in the unit cell. 

Composition and charge 

Mark the unit cell 
choice on the chain. 

Copyright John Wiley & Sons, Inc. 27s 



si ies 
fj 

3 P 
— a oe 

i. ‘ 
a] 

a, 

P 
ds 

vy - Sa eey | Oo or 

7 a =} wt (16 Peer? 
i an ae = = ; 

on i} 

¥ 

ae 

Cat! Qaeeee 
>» = - 

¥ 8c Nn 

is 
we 

4i- 

4 

7 Pa 
so » —- 

—_—S Sea: > 

efit) »*h PTs wea] 



EXERCISE 18 
FIGURE 18.2 (continued) 

Student Name 

Infinite 
chain 

Composition and charge 

Mark the unit cell choice on 
the chain 

Composition and charge 
for one Al substituting for 
one Si in the unit cell. 

Locate mirror and glides. 

Composition and charge 

Mark the 
unit cell choice 
on the sheet 

Composition and charge 
( for 25% Al substituting 

Infinite sheet eter for Si per unit cell. 

275 
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EXERCISE 19 

FROM MINERAL ANALYSIS TO CHEMICAL FORMULA 

PURPOSE OF EXERCISE 

Understanding the various steps involved in converting 
a mineral analysis (generally reported in weight percent- 
ages of elements or oxides) into a mineral formula. 

BACKGROUND INFORMATION: The chemical com- 
positions of minerals, ranging from simple to complex, 
are invariably presented in the form of chemical analy- 
ses. Such chemical analyses commonly consist ofa listing 
of the relative weight percentages of several elements or 
oxides. Examples of minerals with simple chemical analy- 
ses are 

i | 2 | 
Element Weight % Element Weight % 
Na 39.34 Si 46.75 
GI 60.66 O DOD 

Total 100.00 Total 100.00 

Analysis 1 is for the mineral halite, with the chemical 
formula NaCl, and analysis 2 is for the mineral quartz, 

with the chemical formula SiO, 
Somewhat more complex analyses follow for the 

minerals chalcopyrite (analysis 3) and alkali feldspar 
(analysis 4): 

3 | | 4 | 
Element Weight % Oxide Weight % 
Cu 34.64 SiO, 65.67 
Fe 30.42 ALO, 20.84 
S 34.94 CaO 0.50 

Na,O 7.02 
K,O 5.49 

Total 100.00 Total 100.09* 

The chemical formula of chalcopyrite is CuFeS,, and that 
of the alkali feldspar (Na,K)AISi,O,. The reasons for 
reporting some analyses (such as for oxide and silicate 
minerals) in oxide form, instead of in elemental form (as 

was done for analyses 1 through 3), is mainly historical. 

Irrespective of the form of the original analysis (be it in 

elemental or oxide form), one is faced with the question 

of how does such an analysis relate to a standard chemi- 

cal (mineral) formula? 
A mineral formula such as CuFeS,, or (N a,K)AISi,O,, 

records (in chemical shorthand) the ratios of the various 

elements in the structure. For example, chalcopyrite has 

*Deviations from 100 percent in the analysis total are commonly the 

result of experimental error, that is, analytical error. 

Copyright John Wiley & Sons, Inc. 

a total of two metal cations (Cu** and Fe?*) and two sulfur 
anions in its structure; this leads to a metal ions : anions 

ratio of 1:1. The alkali feldspar, on the other hand, has a 

ratio of five metal ions to eight oxygens as deduced from 
the formula [(Na,K),* + Al*++ si,], thatis, 1 +143 =09 

cations. Of these, Al and Si substitute for each other ina 

tetrahedral position in the structure (known as the T 
site). As such, an alkali feldspar formula could be written 

as (Na,K),(A1,Si),O,. The Na and K ions are located in a 

specific position in the structure, commonly referred to 
as the M site, a relatively large space outside the Si-Al-O 
tetrahedral framework. 

This brief introduction to specific atomic locations 
(“sites”) in crystal structures is very relevant in the con- 
version of a weight percent (chemical) analysis to a 
chemical formula. Indeed, many silicates have struc- 
tures that are considerably more complicated than those 
of feldspars; not only may they have a considerable 
number of sites (the atomic sizes of which are controlled 
by the packing of oxygen ions about the sites), but they 
may also show extensive chemical substitution of vari- 
ous elements within the same site. For example, a typical 
pyroxene, diopside, with formula CaMgSiO,, contains 

tetrahedral sites (known as T sites for the housing of Si** 
and A]**) but also two quite distinct metal (cation) sites, 
known as M, and M,,. The principle difference between 
the two M sites is the size of the interstitial space between 
various oxygen atoms; the M, site is larger than the M, 
site. A projection of the typical monoclinic pyroxene 
structure is shown in Fig. 19.1. 

In the various references listed later you will see 
worked examples of recalculations from weight percent- 
age analyses to various chemical formulas. This exercise 
will do much the same, but here we will concentrate on 

a mineral group, the pyroxenes, in which you must make 
decisions about the allocation of various cations to the T, 

M,, and M, sites, in addition to understanding the steps 
in converting a weight percent analysis to a chemical 

formula. 
First, you might ask what does a weight percent 

analysis mean? The answer that is that it lists the relative 
weight percentages of elements or oxides. To help you 
understand this answer, we will begin with the formula 
of chalcopyrite, CuFeS,, and work “backward” to a chemi- 

cal analysis. From X-ray structural study we know that 
the unit cell of chalcopyrite contains four such formula 
units, which means that it has the composition of Cu,Fe,S,. 
Because this second formula contains a common factor of 
4, it is normally divided by the factor resulting in CuFeS,. 
In either case, the ratio of all metal ions to sulfur is 

constant in both notations (8:8 or 2:2, both of which 
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278 §EXERCISE 19 

FIGURE 19.1 Thecrystal structure of a monoclinic pyroxene _ across the two M, sites. These shaded shapes are referred to in 

projected down [001], onto the (001) plane, the basal pinacoid. the literature as I-beams. (After M. Cameron and J. J. Papike, 

Note the locations of the T, M, and M, sites. The shaded areas 1980, Reviews in Mineralogy, vol. 7, Pyroxenes, Mineralogical 

outline the infinitely extending Si-O chains that face each other Society of America, Washington, D.C., p. 12). 

a sin 8B -—__———> 



represent 1:1). The chemical formula states “There is one 
Cu ion, one Fe ion, and two sulfur ions per formula.” We 
know what each of these ions (or atoms) weighs from its 
atomic weight. Copper is by far the heaviest with an 
atomic weight of 63.54; iron is somewhat lighter with an 
atomic weight of 55.85; and sulfur is by far the lightest 
with an atomic weight of 32.08. Because the formula 
states that there is one Cu, one Fe, and twoS, we can now 
calculate the relative weight contributions for these 
various ions (or atoms). 

one Cu weighs 63.5) 
one Fe weighs 55:85 
and two S weigh 64.12 (that is, 2 x 32.06) 

Total weight 183.52 

The relative weight of any of the atoms, as referred to the 
total weight, is derived as follows: 

Cu contributes £3.29 x 100% = 34.62% in weight 

Fe contributes poe x 100% = 30.43% in weight 

S contributes aS x 100% = 34.94% in weight 

These calculated weight percentage values compare 
closely to the numbers listed in analysis 3. This short 
calculation should give you a better understanding of 
the earlier statement “A chemical analysis lists the rela- 
tive weight percentages of elements or oxides.” 

Let us now inspect analysis 4, that of an alkali feld- 
spar. This is a typical example of the listing of oxide 
components in a silicate. The order, in going from top to 
bottom, is fairly standard with the oxides arranged in 
order of increasing radius of the metal ion (Si** being the 
smallest with a radius of 0.26 A, and K* the largest with 

a radius of 1.51 A). An inspection of such a listing of 
oxides and their weight percentages informs the reader 
of the major elements (Si, Al, Ca, Na, K, and O) that must 

be part of the chemical formula, but it gives absolutely no 

direct insight into metal ratios (or subscripts to the ele- 
ments) in the chemical formula. Various steps in the 
transformation from weight percentages of the oxides to 
the final chemical formula lead finally to a quantitative 
statement of metal ratios (or chemical subscripts). 
However, in order to complete such a transformation 

correctly, we must know something about the feldspar 
structure. The largest ions in feldspar are the oxygens 
(radius of O* = 1.40 A) with cations distributed among 
the various interstitial spaces between the oxygens in 
close packing. In silicate and oxide structures the pack- 
ing of oxygen is generally without omissions (that is, 
without open spaces in the oxygen packing), so that the 

FROM MINERAL ANALYSIS TO CHEMICAL FORMULA 279 

number of oxygen ions (or atoms) per unit cell of a 
feldspar is a constant. This number turns out to be 32 
oxygens, for four formula units of alkali feldspar, 
(Na,K),Al uLOe, per unit cell. Because of the common 
factor of 4 in this formulation, the formula is normally 
written as (Na,K)AISi,O,, with the number of oxygens, 
eight, being a constant in the structure. In any recalcula- 
tion sequence, we must know to how many oxygens (as 
in silicates or oxides) or sulfurs (as in sulfides) the final 
formula must refer. For feldspar the number is eight 
oxygens. 

We will now go through the various steps that are 
necessary to convert the chemical analysis of an alkali 
feldspar to its formula; see Table 19.1. Column 1, in Table 

19.1, lists the oxide components; column 2 lists the weight 

percentages of the oxides. If we wish to know how may 
“molecules” of oxide this represents for each of the 
weight percent values, we need to divide the values in 
column 2 by the appropriate molecular weight (listed in 
column 3). (The word molecule is put in quotation marks 
because most inorganic structures do not contain identi- 
fiable molecular groupings; they are instead continuous 
packings or networks of atoms or ions.) The division of 
the oxide weight percent value (column 2) by the appro- 
priate molecular weight (column 3) leads to a listing of 
relative numbers of “oxide molecules” (column 4: mo- 
lecular proportions). Before proceeding further, let us 
inspect the formulas of the oxide components in column 
1. SiO, contributes one Si and two O per formula or per 
molecule of SiO,; ALO, contributes two Al and three O 
per formula or per molecule of ALO,; all the remaining 
oxide components (CaO, Na,O, and K,O) contribute 
each only one oxygen per formula or per molecule; 
however, CaO contributes only one Ca, whereas Na,O 

and K,O each contribute two metal ions. In advancing 
our conversion further, we must ask how many metals 
and how many oxygens does each of the “oxide mole- 
cules,” as recorded in column 4, contribute to the overall 
chemistry of the alkali feldspar? We just determined 
these numbers by inspection of column 1, and indeed 
these numbers become multipliers in going from column 
4 to columns 5 and 6, respectively. Column 5, labeled 
“cation proportions,” records the number of metals 
contributed by each oxide compound. Column 6, labeled 
“number of oxygens,” records the number of oxygens 
contributed by each “molecule.” These oxygens will 
total to some number, 2.9889 in this case. This number is 

not meaningful initself, but you must remember that this 
is the total of all the relative oxygens contributed by the 
various “molecules.” Earlier, we noted that structural 
analysis gave us the number 8 for the total number of 
oxygens per formula of feldspar. We can use this number 
8 (for oxygen) by dividing the total value of 2.9889 into 
8, providing us with a multiplier, or oxygen ratio, of 
2.67656. We multiply the cation contributions (values in 
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column 5) by this factor to put the metal content of the 
analysis on the basis of eight oxygens. This gives us, in 
column 7, the number of metal ions of each kind on the 
basis of eight oxygens. 

In alkali feldspar the number of silicons (in column 7) 
will be considerably less than 4, generally close to 3.0 
with Al substituting for Si in the tetrahedral framework 
(the T sites of the structure). Indeed Si + Al totals to 4.0, 
as is to be expected for a framework silicate structure 
with(Si+ Al):O=4:8. The total for the remaining cations 

amounts to approximately 1, with Na, K, and Ca substi- 
tuting for one another in the one metal (M) site of the 
feldspar structure. f 

This stepwise conversion should suffice as a preamble 
to an assignment on the recalculation of pyroxene analy- 
ses. However, it may be helpful to inspect the various 
steps that you must complete ina pyroxene recalculation 
by studying Table 19.2, which gives an example of a 
pyroxene analysis. Every column in this table is arrived 
at in a manner identical to that for the feldspar recalcu- 
lation, except for the difference in the oxygen factor. The 
clinopyroxene formula (that is, that of a monoclinic 
pyroxene) is based on six oxygens per formula. For 
example, the simplest diopside formula is CaMgSi,O,. 
The formula for the clinopyroxene in Table 19.2 is not so 
simple because various elements substitute for each 
other in the various sites (M,, M, and T) of the clinopy- 
roxene structure. This is the reason for a somewhat more 
involved cation allocation scheme in column 7 of Table 
19.2 than there is in the equivalent column of Table 19.1. 
Please refer to Fig. 19.1 for a two-dimensional projection 
on (001) of the clinopyroxene structure. The smallest 
cation sites are those of tetrahedral coordination (T) with 
oxygen; these house Si** and Al°*. The other two cation 
sites are marked as M, and M,. The M, is the smaller of the 
two, with the cations in this site housed in regular 
octahedral coordination with respect to the surrounding 
oxygens. The coordination of the M, site is more variable, 
ranging from 6-fold (octahedral) to 8-fold (toward cubic 
configuration, but generally somewhat irregular in ge- 
ometry) depending on the overall size of the cations 
occupying this M, site. In clinopyroxenes the M, site is 
definitely 8-fold in coordination (as such not regular and 
not octahedral) with the larger cations of the structure 
(Ca?*, Na*, and K*) occupying this site. If, on the other 
hand, as in orthopyroxenes (orthrohombic pyroxenes) 
smaller cations such as Fe* and Mg”* are housed in the 

M, site, the coordination polyhedron of M, becomes 

more regularly octahedral. As a result of the size restric- 

tions on the M, and M, structural sites in clinopyroxenes, 
the following generalization can be made. 

M, normally houses: all Al’* that is “left over” after 

the Si (tetrahedral) position has been filled to a total 

of 2.00 (see column 7, Table 19.2); all Fe**; all Fe?*; all 

Mn**; and all Mg** (these ions represent a size range 
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from 0.39 A for Al** to 0.83 A for Mn**; see table of 

ionic radii, Table 4.8, Manual of Mineralogy, 21st ed., 
p. 188). 

The total of these “intermediate” -sized cations is 1.037, 
very close to 1.0 as the structural formula requires (with 
M, completely filled). As noted earlier, the larger cations 
(those with the Ca* size of 1.12 A or larger) are housed 
in the M, site. Indeed, in column 7 of Table 19.2 their total 
is 0.934, which is close to the ideal of 1.0. If one were 

interested in making the ionic allocations for M, and M, 
in column 7 even closer to the ideal 1 for both, one might 

allocate all the Mn (0.027 cations) to the M, site, it being 
the largest of the intermediate cations that can com- 
monly be found somewhat preferentially concentrated 
in the M, site. With Mn so reallocated, the final site 
occupancy totals become M, = 1.037 — 0.027 = 1.010 and 
M, = 0.934 + 0.027 = 0.961; when both these numbers are 

rounded off, they are very close to 1.0 each. Deviations 
from “ideality” are generally (but not always) the result 
of analytical error; if they are not due to analytical error, 

they may represent cation omissions (if totals are low) or 
interstitial additions (if totals are high). 

The final structural formula for the clinopyroxene 
known as hedenbergite is given at the bottom of Table 
qo ee 

Quite independent of the complete formula recalcula- 
tion schemes that we have presented, a question com- 
monly asked is “What are the relative molecular percent- 
ages of the major cations ina mineral?” Ina mineral such 
as a pyroxene, such a question commonly relates to the 
components FeO, MgO, and CaO (in molecular percent- 
ages) or the equivalent values for Fe**, Ca, and Mg (in 

atomic percentages). Now that we have recalculated the 
formula, we can obtain the Fe’**, Ca, and Mg values 

directly from column 7. The Fe” cation contribution is 
0.767 (notice that we distinguish between Fe** and Fe** 
contributions); the Mg cation contribution is 0.131; the 

Ca cation contribution is 0.899. Together these three 
cations total 1.797. The relative contributions of these 
three cations, expressed in percentages, can be obtained 
by dividing each value by the total and multiplying by 
100%. The results of such calculations are shown in 
column 8. 

Identical results for the relative percentages of the 
molecular contributions of FeO, MgO, and CaO can be 
obtained very quickly without completing the whole 
formula recalculation. We can take from column 4 (Table 
19.2) the values for the molecular proportions of FeO (= 
0.310), for MgO (0.053), and for CaO (= 0.363). If we total 
these three values, we can obtain the relative percentage 
contributions of these three oxide “molecules” by a 
calculation analogous to that given in Column 8. This is 
shown in column 9. Indeed, the values obtained are 
identical to those in column 8; minor variations in the 
decimal place are due to rounding in the various steps 
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toward column 7. This illustrates that relative molecular 
percentages can be obtained with very few conversions; 
indeed, a complete mineral formula recalculation is un- 
necessary. Because we already had obtained the pyrox- 
ene formula, however, we had access to the numbers in 
column 7. 
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MATERIALS 

Chemical analyses given for two different pyroxenes, in 
Tables 19.3 and 19.4, respectively. An electronic calcula- 
tor is essential, and you must consult a tabulation of 

atomic weights (e.g., Table 4.2 in Manual of Mineralogy, 
21st ed.) so that you can compute the appropriate mo- 
lecular weights. 

ASSIGNMENT: Given the chemical analyses for augite 
(a monoclinic pyroxene) and hypersthene (a member of 
the orthorhombic pyroxenes, or orthopyroxenes) in 
Tables 19.3 and 19.4, respectively, complete the various 

formula recalculation steps. The column headings are 
the same as those in the example calculation in Table 
kee 

1. In Table 19.3 the weight percentage analysis shows 
some TiO,,. In the assignment of cations to structural 
sites (column 7, and the structural formula), this is 
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normally grouped with Fe**, Mg, Mn, and Fe** in the 

M, site. The recalculation scheme must be based on six 

oxygens in the augite formula. The oxygen factor 
therefore is 6 divided by the total for the number of 

oxygens obtained in column 6. The number of cations 
in column 7 provides you with the data to write a 

proper augite formula with cations assigned to the T, 
M,, and M, sites. Write this structural formula below 

the columns and identify which cations you group 
together in which site. In column 8 you are asked for 
the atomic proportions of Fe**, Mg, and Ca. This you 

obtain from the numbers in column 7. You are asked 

to do a similar calculation for the molecular propor- 
tions of FeO, MgO, and CaO (in column 9) as deter- 

mined from the molecular proportions in column 4. 

2. The analysis in Table 19.4 also shows a small amount 

of TiO,. In the assignment of cations allocate this to the 
M, site. The recalculation scheme in this table must be 
based on three oxygens because the formulas of 
members of the orthopyroxene series are most gener- 
ally reported in the form of MgsiO, to FeSiO,. All the 
various recalculation steps are analogous to those you 
performed in Table 19.3 or were shown in the example 
of Table 19.2. When you reach column 7, be careful in 
your assignment of cations to the M, and M, sites. In 
an orthopyroxene, the M, is essentially octahedral 
and as such is smaller than the M, site in a clinopyrox- 
ene. The small amounts of Ca, Na, K, and Mn and a 

large proportion of Fe** can be assigned to M, in 
orthopyroxene because the M, site is still somewhat 
larger than the M, site. Record your final structural 
formula at the bottom of the table and clearly mark 
which cations you have grouped in which structural 
sites. Columns 8 and 9 request that you obtain atomic 
percentages of Fe, Mg, and Ca, and molecular percent- 

ages of FeO, MgO, and CaO, respectively. 
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EXERCISE 20 

GRAPHICAL REPRESENTATION OF MINERAL ANALYSES 
(IN TERMS OF MOLECULAR PERCENTAGES OF SELECTED 

COMPONENTS) ON TRIANGULAR DIAGRAMS 

PURPOSE OF EXERCISE 

The plotting of mineral analyses in terms of some se- 
lected (generally major) components on triangular plots. 
Such plots illustrate the extent of chemical substitution 
of the selected components in mineral groups that show 
solid solution. 

BACKGROUND INFORMATION: As indicated in 
exercise 19, common minerals such as pyroxenes have 
mineral analyses that can be quite complex and that 
show substitution of several elements in a specific site of 
the structure. In order to illustrate the independent vari- 
ation of at least three components graphically, mineralo- 
gists and petrologists commonly use a triangular diagram; 
such a diagram, with rulings at every 2% division, is 
shown in Fig. 20.1. This diagram allows us to plot three 
independent components at the three corners. For the 
selection of three appropriate components, it is useful to 
look over Tables 19.1 and 19.2, the chemical analyses of 
a feldspar and of a monoclinic pyroxene, respectively. 
The widest variations of components in feldspar are 
shown by CaO, Na,O, and K,O (in molecular percent- 

ages) or in the equivalent Ca, Na, and K components (in 

atomic percentages). In the pyroxene group major chemi- 
cal variations are shown by CaO, FeO, and MgO (in 

molecular percentages) or in the equivalent Ca, Fe, and 
Mg components (in atomic percentages). In general, we 
may choose any three components in a chemical analysis 
that serve some specific purpose in the graphical illustra- 
tion of chemical variation. In the pyroxenes we might 

‘have chosen FeO, MgO, and ALO,, or CaO, FeO, and 

MnO, instead of the three components we did choose. 

We can select any of the three corners of the triangular 
diagram for a specific component; however, for the 
feldspars the top corner is commonly assigned to KO, 
the lower left corner to Na,O, and the lower right to CaO. 
For the pyroxenes the upper corner is generally assigned 
to CaO, the lower left to MgO, and the lower right to FeO. 

Once the corners of the diagram have been assigned 
their chemical components, in atomic or molecular per- 
centages, the question is how to plot chemical analyses in 
terms of the components. Figure 20.2a showsa triangular 
diagram with CaO (molecular percentage = 100%) at the 
top, MgO (molecular percentage = 100%) at the left 
corner, and FeO (molecular percentage = 100%) at the 
lower right corner. The component assignment means 

Copyright John Wiley & Sons, Inc. 

that a mineral that calculates to have 100 molecular 
percent CaO in its chemical composition (this would 
occur in pure calcite with the composition CaCO,, or in 
pure wollastonite with composition CaSiO,) would plot 
at the top corner. 

In the same way pure enstatite, MgSiO,, would plot at 

the 100% MgO corner. A member of the orthopyroxene 
series, whichis mainly a continuous solid-solution series 

between the end-members of MgSiO, and FeSiO,, would 

plot somewhere along the lower edge (between MgO 
and FeO), if indeed its composition is completely devoid 
of CaO. Let us assume that such an orthopyroxene has a 
chemical analysis with the following molecular percent- 
ages: MgO = 60 weight percent and FeO = 40 weight 
percent. (See exercise 19 for the steps involved in calcu- 
lating molecular or atomic percentages for specific ele- 
ments in a mineral analysis.) Because the lower left-hand 
corner of Fig. 20.2a is 100% MgO, an analysis with 60% 

MgOwill plot at the 60% mark, 10% to the left of the center 
of the edge between MgO and FeO. We could have used 
the information of FeO = 40 molecular percent for this 
same analysis instead. If the analysis contains 40 molecu- 
lar percent FeO, it must plot farther away from the right- 
hand corner of the diagram (which is defined as 100% 
FeO) than from the center point along the MgO-FeO 
edge. Indeed, it plots 10% to the left of the middle point. 
This is exactly where we plotted the point on the basis of 
its MgO content. As such, using one molecular percent- 
age value in a two-oxide compound system (e.g., MgO 

and FeO) suffices; the second, complementary value is 
redundant in terms of plotting the point. 

Figure 20.2b shows a composition in which CaO, 
MgO, and FeO are all major variables. This composition 
is CaO = 50%, MgO = 20%, FeO = 30% (all in molecular 

percentages). The question now is how we plot a compo- 
sition on a triangular diagram that involves all three of 
the end-member compositions. Notice that the triangu- 
lar diagrams in Figs. 20.2a and b have 100% notations at 
the three corners; they also show percentage gradu- 
ations, identified by numbers such as 90, 80, and 70, 

along lines that are parallel to the edges of the triangle. 
As shown in Fig. 20.2a, stacks of such lines (marked with 
percentages) define directions (perpendicular to the edges 
of the triangle and away from the corners) in terms of the 
continually decreasing percentage of the corner compo- 
nent. This means that an analysis with 50 molecular 
percent of the CaO component plots on the horizontal 
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FIGURE 20.1 Triangular diagram with percentage lines at 
2% intervals. 

EXERCISE 20 

Please make the necessary photocopies of this diagram. 
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FIGURE 20.2 Illustration of the mechanics of plotting two 
different pyroxene compositions on a triangular diagram. 
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294 EXERCISE 20 

line marked 50% (this line is halfway between the 100% 

CaO corner and the 0% CaO along the horizontal edge of 

the triangle). We now know it plots along this 50% CaO 

line (see Fig. 20.2b), but where along this line will be 
defined only after we plot the MgO (or FeO) value of the 
analysis. The MgO content is 20% (molecular percent- 
age), which will plot along the 20% MgO line. Such a line 
is one of those that are parallel to the inclined right-hand 
edge of the triangle, at a distance 80% away from the 
MgO corner. Where this line intersects the 50% CaO line 
is where the three-component composition plots. In- 
stead we could have used the value for FeO = 30 molecu- 
lar percentage. This FeO = 30% line intersects the CaO = 
50% line at exactly the same spot as we just plotted the 
analysis point. Thus, in a three-component system the 
third component value is not necessary for the location of 
the graphical position, but it is very useful as a check on 
the accuracy of the plotted point. 
Now that we have addressed the mechanics of the 

plotting of data on triangular diagrams, let us look at 
what type of data are commonly plotted. Chemical 
analyses of minerals (as shown in exercise 19) are gener- 
ally given in weight percentage values. We can plot the 
weight percentage values of three components (after 
normalization to 100%) on a triangular diagram. How- 
ever, it is a much more common and more meaningful 
procedure in mineralogy and petrology to plot molecu- 
lar (or the equivalent atomic) percentages that can be 
derived from such a weight percent analysis. In accor- 
dance with this custom you will be asked to plot molecu- 
lar percentages of three oxide components, CaO, MgO, 
and FeO, for a set of pyroxene analyses. (See the assign- 
ment for this chapter.) 

The procedure for obtaining molecular percentages 
from a mineral analysis given originally in weight per- 
centages was outlined in exercise 19. Please refer back to 
column 9 in Table 19.2 and the text that describes this 
column. First, the weight percentage values of the com- 
ponents selected for a graphical display must be con- 
verted to molecular proportions (by dividing the weight 
percentage values by the appropriate weights; see col- 
umns 1, 2, 3, and 4 in Table 19.2); second, the values 

obtained for the molecular proportions (for CaO, MgO, 
and FeO in this case) must be normalized to 100% (see 
column 9 in Table 19.2). These normalized values can 
now be plotted directly to obtain a graphical representa- 
tion of molecular percentages of, for example, CaO, 
MgO, and FeO. Other components could have been 
selected from the analyses, but in the pyroxene group a 
CaO-MgO-FeO diagram is a very standard representa- 
tion. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 244-249. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 185-190. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Fransisco, p. 172. 

Bloss, F. D., 1971, Crystallography and Crystal Chemistry, Holt, 

Rinehart and Winston, New York, pp. 294-297. 

MATERIALS 

Table 20.1, which lists 13 partial analyses for members of 

the pyroxene group of silicates, is the basis of this assign- 

ment. An electronic calculator is essential, and to be able 

to compute the appropriate molecular weights, you must 

consult a tabulation of atomic weights (e.g., Table 4.2 in 

Manual of Mineralogy, 21st ed.). The triangular diagram 

in Fig. 20.1 is needed for the graphical representation. 

ASSIGNMENT: Table 20.1 lists partial chemical analy- 
ses (in weight percentages) for 13 pyroxenes. The largest 
variations in chemical components in these analyses are 
shown by FeO, MgO, CaO, and to a lesser degree ALO,,. 
In a triangular diagram three independent chemical 
components can be plotted. For this exercise these com- 
ponents are CaO, MgO, and FeO. You could plot these 
three components as relative weight percentages. That is 
after having totaled the weight percentages of CaO + 
MgO + FeO in each analysis and after having normalized 
this total to 100%, you would have the new normalized 
values for CaO, MgO and FeO, in relative weight per- 
centages. But as pointed out earlier, it is standard proce- 
dure to plot such diagrams in molecular percentages. 

1. For each analysis select the weight percentage values 
for FeO, MgO, and CaO and convert these (by divid- 
ing with the appropriate molecular weights) to mo- 
lecular proportions. See Table 19.2, columns 1, 2, 3, 

and 4 and the text accompanying these conversions. 
Once you know the values for FeO, MgO, and CaO in 
terms of molecular proportions, you sum these val- 

ues, So you can obtain the ratio 

molecular proportion 
x 100% 

total molecular proportions 

and thereby a relative percentage value (in molecular 
percentage). See column 9 in Table 19.2 for an example 
of this type of conversion. 

2. Normalized molecular percentages for the CaO, MgO, 
and FeO values should be recorded in the space 
provided (below the weight percentage columns) in 
Table 20.1. Clearly the sum of these sets of three values 
must total to 100%. 

3. Plot each of the analyses on the triangular diagram 
given in Fig. 20.1 or ona photocopy thereof. Make sure 
that the CaO component is at the top of the triangle, 
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the MgO component at the lower left, and the FeO 
component at the lower right. Label each analysis 
point with the analysis number as given in Table 20.1. 

. In order to make your diagram identical to the stan- 
dard pyroxene composition diagram expressed in 
molecular components of CaSiO,, MgSiO,, and FeSiO,, 

write each of these three components next to the 
appropriate corner of the diagram. Keep in mind that 
you could have plotted this diagram in terms of per- 
centages of atomic components of Ca, Mg, and Fe (see, 

for example, the comparative calculations in columns 
8 and 9 of Table 19.2). You would have obtained an 
identical plot had you calculated the molecular per- 
centages of the compound components CaSiO, (= 
CaOeSiO,), MgSiO, (= MgOeSiO,), and FeSiO, (= 
FeOeSiO,). The notation in parentheses shows that 
SiO, is a constant common factor to the three silicate 

components; such plots in terms of atomic Ca, Mg, 

and Fe, or molecular percentages of CaO, MgO, and 
FeO, or CaSiO,, MgSiO,, or FeSiO, are all equivalent 

and indeed identical. 

5. To complete the diagram, plot the compositions of 
diopside = CaMgSi,O, and hedenbergite = CaFeSi,O, 
along the two inclined sides of the triangle. It will help 
you to plot these compositions if you keep in mind 

that CaMgSi,O, = CaSiO, + MgSiO,. In other words, 

CaMg5Si,O, can be expressed in terms of equal amounts 
of CaSiO, and MgSiO,; this means that a 50:50% mix of 

these two components gives you the proper graphical 

position. 

. Compare your final and clearly labeled diagram with 
a standard compositional diagram for the pyroxenes 
(e.g., Fig. 13.47 in Manual of Mineralogy, 21st ed.). 



EXERCISE 21 

GRAPHICAL REPRESENTATION OF MINERAL FORMULAS 

ON TRIANGULAR DIAGRAMS 

PURPOSE OF EXERCISE 

Learning the steps involved in converting a mineral 
formula into a graphical data point on a triangular 

diagram. 

BACKGROUND INFORMATION: If you have suc- 
cessfully completed the previous two exercises (19 and 
20), you will have to learn very little that is new. Exercise 
19 should have given you a basic understanding of rea- 
sonably complex mineral formulas (as in Table 19.2, for 
a pyroxene), and exercise 20 gave you the overall ap- 
proach to graphical representation of chemical data ona 
triangular diagram. Here, the approach is somewhat 

different from what you have already learned in that we 
start with the formulas of some common minerals that we 
wish to plot in a three-component triangular diagram. 

As a lead into the exercise, let us look at a relatively 
simple example of the approach. Figure 21.1 is a triangu- 
lar diagram in which the three corners represent the 
three chemical components: S (at the top), Fe (at the 
lower left corner), and Ni (at the lower right corner). 

Because the diagram’s chemical components are all simple 
atoms (not compounds such as, e.g., FeO), and because 

we do not wish to plot the weight percentages (see 
exercise 20), the units of measurement will be atomic per- 
centages. On this diagram are plotted the chemical loca- 
tions for the formulas of eight sulfide minerals whose 
composition can be described in terms of the three 
components, Fe, Ni, and S. These are, with name abbre- 

viations in parentheses, 

Pyrite (py)-FeS, 

Troilite (tr)—FeS 

Pyrrhotite (po)—Fe, ,S 

Heazlewoodite (hz)—Ni,S, 

Millerite (ml)—NiS 

Polydymite (pdy)-Ni,S, 

Violarite (vl)-FeNiS, 

Pentlandite (pn)—(Fe,Ni),S, 

An overview of these formulas will tell you immediately 
that (1) the first three sulfides (involving only Fe” and S) 
will plot somewhere along the inclined left edge of the 
triangle, (2) the next three formulas (involving only Ni 
and S) will plot somewhere along the inclined right edge 
of the triangle, and (3) the last two formulas of violarite 

and pentlandite, because their formulas show various 
ratios of all three components of the diagram, must plot 
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somewhere in the general field of the diagram (away 

from the edges). The only question that remains is where 

exactly do any of these formulas plot. Having mineral 

formulas, with exact subscripts (except for the notation 

for the mineral pentlandite), makes the answer easy. Let 

us take the first three minerals in the chemical system 

Fe=s; 

Pyrite has a total of three atoms (1 Fe and 2 S), and Fe 

constitutes only one of these three; in other words, Fe 

is 33.3% (on an atomic percentage basis) of the analy- 

sis in terms of Fe and S. 

Troilite shows a total of two atoms (1 Fe and 1 S), and 

as such one Fe in troilite constitutes 50% of the total in 

terms of Fe and S. 

Pyrrhotite, with the analysis Fe, ,S,, is deficient by 10% 

in Fe with respect to the troilite analysis; this means 
that it is, in a relative sense, more sulfur-rich than 

triolite, and must therefore plot closer to the S corner 
of the diagram than troilite. The exact position is a 
function of the total number of atoms (totaling 1.9) of 
which 0.9 is Fe and 1 is S. The Fe percentage contribu- 
tion is 0.9/1.9 x 100% = 47.4%. 

The foregoing values for the atomic percentages of Fe 
(33.3% Fe in py; 50% Fe in tr; and 47.4% Fe in po) locate 

the three analyses on the left inclined edge of the dia- 
gram in Fig. 21.1. We could have done these atomic 
percentage conversions for sulfur, instead of iron, and 

we would have obtained the complementary values, 
which give the same plot positions as obtained for Fe. 

We can now do the same simple calculations for the 
next three minerals in the system Ni-S. Notice that 
millerite with the formula NiS must plot on the Ni-S 
edge, at the same location as FeS on the Fe-S edge 
(indeed, NiS has 50% Ni and 50% S, halfway along the 

edge). The other two Ni-S minerals recalculate as fol- 
lows. 

Heazlewoodite, with the formula N i,S,, has 3 Ni atoms 

out of a total of 5 (Ni + S) atoms. On an atomic 

percentage basis this recalculates as 3/5 x 100% = 60% 
Ni. 

Polydymite, with the formula N i,5,, has 3 Ni atoms in 

a total of 7 (Ni + S), resulting in a Ni percentage of 3/ 
7 x 100% = 42.9% Ni. 

These three Ni-S minerals have been plotted in Fig. 
21.1 on the basis of the foregoing computed values for 
the atomic percentages of Ni (50% Ni in ml; 60% Ni 
in hz; and 42.9% Ni in pdy). 

Copyright John Wiley & Sons, Inc. 
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FIGURE 21.1 Graphical representation of sulfide formulas in 
the system Fe-Ni-S (see text for discussion) and of some coex- 
isting minerals (pyrite, pyrrhotite, and pentlandite). 
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The last two minerals involve all three components, 
Fe, Ni, and S. 

Violarite, with the formula FeNiS,, has a total number 

ofatoms of 1 + 2 + 4 =7. Fe (in atomic %) represents 
1/7 x 100% = 14.3%; Ni (in atomic %) represents 2/7 x 

100% = 28.6%; and S (in atomic %) represents 4/7 x 
100% = 57.1%. 

Pentlandite, with the formula (Fe,Ni),S,, gives the total 

number of atoms for Fe + Ni=9,and sulfur as 8, giving 
an overall total of 17. The formula statement implies 
that there is a chemical substitution (that is, a solid 

solution) between Fe and Ni in the structure. This 
solid solution will be represented as a line on the 
diagram, and the location of this line will be at a sulfur 
(atomic %) value of 8/17 x 100% = 47.1%. At tempera- 
tures of about 400°C, the extent of Fe—Ni solid solution 

in pentlandite ranges from about 30 atomic percent Ni 
to about 20 atomic percent Fe. 

The foregoing data allow us to plot the composition of 
violarite at 14.3 atomic percent Fe, 28.6 atomic percent 
Ni, and with the complementary value of Sat57.1 atomic 
percent (a good check on the location of the point). The 
pentlandite solid solution plots horizontally along the 
sulfur line of 47.1%. It was noted earlier that the extent of 
solid solution is limited at both the Fe- and Ni-rich ends, 

and these limits of 20% Fe and 30% Ni are shown. 
This completes the plotting of chemical formulas ona 

triangular diagram in a reasonably simple sulfide sys- 
tem. Mineralogists and petrologists commonly use such 
a diagram not only to show the distribution of mineral 
compositions ina chemical system, but also to record the 

coexistence of pairs (or triplets) of minerals in a hand 
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specimen or thin section. As such, triangular diagrams 
are very useful in the graphical recording of coexistences 
or assemblages of minerals. For example, pyrrhotite and 
pentlandite commonly occur together in Ni-rich sulfide 
ores, and pyrite may be present as well. One can express 
such an association in terms of pairs, as follows: 

py coexists with pn 

py coexists with po (troilite is found only in meteorites 
not in terrestrial rocks) 

po coexists with pn 

These coexistences are shown graphically by tielines, 
lines that connect coexisting minerals. Three such ti- 
elines are shown in Fig. 21.1. 

The assignment in this exercise will consist of the 
plotting of mineral formulas ina sulfide system (Cu—Fe-S) 
and showing tielines between minerals in this system on 
the basis of reported pairs. An additional part will con- 
sist of the plotting of some common mineral composi- 
tions in the system SiO,-MgO-ALO,. The molecular 
proportions are obtained from the mineral formulas in 
the same way that atomic proportions are calculated 
from formulas (see assignment). 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 244-249. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 185-190. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, p. 172. 

MATERIALS 

Table 21.1 with a listing of sulfide formulas (for a plot of 
their compositions in the system Cu—Fe-S) and Table 
21.2 with a listing of silicate and oxide formulas (for a 
plot of their compositions in the system SiO,-MgO-ALO,) 
form the basis of this exercise. An electronic calculator is 

TABLE 21.1 Mineral Formulas in 

the System Cu-Fe-S. 

Pyrite (py)—FeS, 

Pyrrhotite (po)—Fe, ,S 

Covellite (cv)—CuS 

Chalcocite (cc)—Cu,S 

Chalcopyrite (cp)—CuFeS, 

Bornite (bn)—Cu,FeS, 

Coexistences in the above system: 

CC-po; cp-po; py-cv; cp-bn; py-cp; py-bn; cc-bn; cv-cc; 

Py-po and cv-bn 

helpful for percentage calculations. Photocopies of the 

triangular diagram in Fig. 21.2 are needed. 

ASSIGNMENT: In this assignment you are asked to 

complete two different triangular plots on the basis of 

given mineral formulas. 

1. The first graphical plot is based on the mineral formu- 

las in Table 21.1. Before plotting these formulas (as 

outlined in the previous text), mark the top of the 

diagram as 100% S, the left lower corner as 100% Cu, 

and the right lower corner as 100% Fe. After all the 

compositions have been located, plot the coexistences 

as given in Table 21.1, by connecting pairs of minerals 

with tielines. 

2. The second part of this assignment asks you to plot the 
mineral formulas in Table 21.2 on a triangular dia- 
gram in which SiO, is the top corner, MgO the lower 
left corner, and ALO, the lower right corner. In the 

listing in Table 21.2 there are several hydrous mineral 
formulas (those with OH groups), which can be plot- 
ted on the SiO,-MgO-ALO, diagram by ignoring 
their OH component. As in the previous assignment, 
you must determine the number of Si, Mg, and Al that 

are recorded in each formula. However, because you 
are asked to represent the formulas in terms of SiO,, 

MgO, and ALO, (note: two atoms of Al per oxide 

compound), a mineral formula such as that of ALSiO, 
contributes one ALO, and one SiO,,; that is, it plots at 

50:50 on the SiO,-ALO inclined right-hand edge. In 
other words, a mineral formula with only one Al per 
formula contributes only one-half of one ALO, com- 
ponent. 

In this part of the assignment you are asked to plot 
only the various compositions listed in Table 21.2. 
Make sure you label each plotted composition with 
the appropriate mineral abbreviation. An evaluation 
of possible mineral assemblages in this diagram will 
be done in exercise 35. 

TABLE 21.2 Mineral Formulas in the System 
SiO,-MgO-ALO,—(H,O). 

Quartz(qz)-SiO, 

Corundum(cor)—AlL,O, 

Periclase(per)-MgO 

Spinel(sp)-MgALO, 

Kyanite(ky), sillimanite(sill), andalusite(and)—AL,SiO, 

Forsterite(fo)-Mg,SiO, 

Enstatite(en)—MgSiO, 

Anthophyllite(anth)-Mg,Si,O,,(OH), 

Pyrope(pyr)—Mg,ALSi,O,, 

Talc(tc)-Mg,Si,O, (OH), 

Serpentine(ser)—Mg,Si,O,(OH), 

Pyrophyllite(pyph)—Al,Si,O, (OH), 

Kaolinite(kao)—Al,Si,O,(OH), 
ee 
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Please make the necessary photocopies of this diagram. 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 22 

PHYSICAL PROPERTIES OF MINERALS I: HABIT, TWINNING, 
CLEAVAGE, FRACTURE, LUSTER, COLOR, AND STREAK 

PURPOSE OF EXERCISE 

To gain familiarity with several diagnostic physical 
properties used in hand specimen identification of min- 
erals and rocks. Evaluations of such properties form the 
basis of mineral identification assignments in exercises 
24 through 30. y . 

BACKGROUND INFORMATION: In exercises 2 
through 4 you were introduced to various aspects of the 
external crystal form, or the morphology, of minerals. In 
these three exercises many of the common crystal forms, 
their names, and Miller indices were discussed. If at this 

stage you have not yet systematically covered these crys- 
tallographic subjects, your should refer at least to Fig. 3.1 
and Table 3.1 for a quick introduction to the geometry of 
common crystal forms and the names applied to such 
forms. 

Habit 
Our first impression of a mineral, or crystal, is of its habit, 

or crystal habit. A crystal habit is defined as the common 
and characteristic form, or combination of forms, as- 

sumed by a mineral, including its general shape and 
irregularities of growth. Even when a specimen lacks a 
regular external form, its regular internal (atomic) struc- 
ture may be reflected in the smooth, plane fracture 
surfaces known as cleavage. In exercises 2 and 3 you 
have seen highly idealized drawings of “perfect” crystal 
forms. Examples of such highly symmetrical crystals are 
generally seen only in the exhibit cases of museums, or in 
locked cabinets in the laboratory. Such crystals are un- 
common and tend to be very expensive, because of their 
rarity. If real crystals (as opposed to wooden blocks) are 
‘available for study in the laboratory, many of them will 
probably be somewhat malformed (see Fig. 22.1) and as 
such their true symmetry is not apparent. On such mal- 
formed crystals, the size of the equivalent faces may 
vary, and therefore the shape of the crystal as a whole 
appears distorted. However, the interfacial angles be- 

tween the faces of a malformed crystal and those of an 
equivalent perfect crystal remain the same. Three com- 
mon terms that express the quality of the development of 
external crystal forms are 

euhedral — (from the Greek roots eu, meaning good, and 

hedra, meaning plane)-describing a mineral that is com- 
pletely bounded by crystal faces and whose growth 

during crystallization was not restrained or interfered 

with by adjacent crystals or mineral grains. 

Copyright John Wiley & Sons, Inc. 

subhedral — (from the Latin root sub, meaning less 

than)—describing a crystal or mineral grain that is partly 
bounded by crystal faces and partly by surfaces formed 
against preexisting grains. 

anhedral—(from the Greek rootan, meaning without)—-for 
minerals that lack crystal faces and that may show 
rounded or irregular surfaces produced by the crowding 
of adjacent minerals during crystallization. 

All the crystal drawings in exercises 2 and 3 are therefore 
of euhedral crystals, whereas the minerals that are inter- 
grown, for example, in a granite, will tend to be 

subhedral and anhedral. 
If mineral specimens display well-developed crystal 

forms, the form names (see Fig. 3.1 and Table 3.1) are 
used to describe their outward appearance. Examples 
are 

prismatic — for a crystal with one dimension markedly 
longer than the other two. 

rhombohedral —with the external form of that of arhom- 

bohedron, for example, {1011}. 

cubic — with the external form of a cube, {100}. 

octahedral — with the external form of an octahedron, 

Pld 

pinacoidal — with the pronounced development of one 
or more two-sided forms, the pinacoid. 

However, most mineral specimens will tend to be 

aggregates of many smaller grains, ranging in form from 
euhedral through subhedral to anhedral. These crystal- 
line aggregates are traditionally defined by descriptive 
terms, such as the following (see also Fig. 22.2). 

massive — applied to a mineral specimen totally lacking 
crystal faces. 

cleavable — applied to a specimen exhibiting one or sev- 
eral well-developed cleavage directions. 

granular—made up of mineral grains that are of approxi- 
mately equal size. The term is mainly applied to minerals 
whose grains range in size from about 2 to 10 mm. If the 
individual grains are larger, the aggregate is described as 
coarse-granular; if smaller, it is fine-granular. 

compact — applied to a specimen so fine-grained that the 
state of aggregation is not obvious to the eye. 

lamellar — made up of layers like the leaves in a book. 

foliated — made up of thin leaves or plates that can be 

303 
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FIGURE 22.1 (a) Octahedral and malformed octahedron. (b) dron. (From C. S. Hurlbut, Jr., 1949, Minerals and How to Study 

Dodecahedron and malformed dodecahedrons. (c) Cube and Them, Wiley, New York, pp. 46, 47.) 

octahedron and a malformed combination of cube and octahe- 
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FIGURE 22.2 Some common mineral habits and occur- Sinkankas, 1964, Mineralogy, Van Nostrand Reinhold, New rences. (Several of these illustrations are modified after J. York, p. 94.) 

——_ 

IE mer 

Massive and granular, Lamellar, foliated, Bladed as in 
as in marble micaceous, as in mica stibnite 

Fibrous as in | Acicular, radiating Radiating and globular 
asbestos as in millerite as in wavellite 

Dendritic as in Mammillary, botryoidal Colloform, 
pyrolusite as in hematite stalactitic as in 

cave deposits 

Concentric 
bands of 

\ chalcedony 

<_>——— Large crystals 
: lining cavity 

Quartz and 
hematite 
cement 

Oolitic as in 
oolitic iron ore 

Geode 



306 EXERCISE 22 

separated from each other, as in graphite. 

micaceous — applied to a mineral whose separation into 
thin plates occurs with great ease, as in mica. 

columnar — witha crystal habit made up of a subparallel 

arrangement of columnar individuals, as in some occur- 

rences of calcite. 

bladed — with individual crystals (or grains) that are flat- 
tened blades or flattened elongate crystals. 

fibrous — having a tendency to crystallize in needlelike 
grains or fibers, as in some amphiboles and in asbestos. 
In asbestos the fibers are separable, that is, they are easy to 
pull apart. 

acicular (from the Latin root acicula, meaning needle) — 
describing a mineral with a needlelike habit. 

radiating (or radiated) — describing a mineral in which 
acicular crystals radiate from a central point. 

dendritic (from the Greek root dendron, meaning tree) — 
applied to a mineral exhibiting a branching pattern. 

banded — describing a mineral aggregate in which a 
single species may show thin and roughly parallel band- 
ing (as in banded malachite) or in which two or more 

minerals form a finely banded intergrowth (as in quartz 
and hematite bands in banded iron-formation). 

concentric — with bands or layers arranged in parallel 
positions about one or more centers (as in malachite). 

mammillary (from the Latin word mamma meaning 
breast) — with an external form made up of rather large, 

rounded prominences. Commonly shown by massive 
hematite or goethite. 

botryoidal (from the Greek root botrys meaning bunch 
or cluster of grapes) — having the form of a bunch of 
grapes. The rounded prominences are generally smaller 
than those described as mammillary. Botryoidal forms 
are common in smithsonite, chalcedony, and prehnite. 

globular—having asurface made of little spheres or glob- 
ules (as commonly in prehnite). 

reniform (from the Latin renis, meaning kidney) — witha 
rounded, kidney-shaped outer surface as in some mas- 
sive hematite specimens. 

colloform (from the Greek root collo, meaning cement- 
ing or welding) — Since there is often no clear distinction 
between the four previous descriptive terms (mammil- 

lary, botryoidal, globular, and reniform), the term col- 

loform includes them all. 

stalactitic (from the Greek stalaktos meaning drip- 
ping) — made up of small stalactites, which are conical or 
cylindrical in form as is common on the ceilings of caves. 

concretionary — clustering about a center, as in calcium 
carbonate concretions in clay. Some concretions are 
roughly spherical, whereas others assumea great variety 
of shapes. 

geode — a rock cavity lined with mineral matter but not 

wholly filled. Geodes may be banded as in agate, through 

successive depositions of material, and the inner surface 

is commonly covered with projecting crystals. 

oolitic (from the Greek o6n, meaning egg) — made up of 

oolites, which are small, round, or ovate (meaning egg- 

shaped) accretionary bodies, resembling the roe of fish. 

This texture is common in some iron-rich specimens, 

made of hematite, known as oolitic iron ore. 

pisolitic (from the Greek pisos, meaning pea; therefore, 

pea-sized) — having a texture similar to that of an oolitic 
aggregate but somewhat coarser in grain size. Bauxite, 
the major source of aluminum ore, is commonly pisolitic. 

Twinning and Striations 
Twinning is very common in crystals, and the size of the 
twinned units can range from an almost atomic scale 
(with twin lamellae or twin domains on the order of 10s 
to 100s of angstroms in size) to such a large scale that the 
individuals are easily seen by the naked eye. Generally 
the twins that are easiest to recognize in hand specimen 
are contact twins or penetration twins. Although the twin- 
ned relationship in such symmetric intergrowths is eas- 
ily recognized, the twin law that underlies the twinned 
relationship may not be so obvious. Examples of com- 
mon contact and penetration twins are shown in Fig. 
22.3. 

A twin relationship that is more subtle in its appear- 
ance is polysynthetic twinning. Ina polysynthetic twin the 
successive composition planes of the twin are parallel to 
each other. When a large number of individuals in a 
polysynthetic twin are closely spaced, crystal faces or 
cleavage surfaces cutting across the composition planes 
show striations owing to the reversed positions of adja- 
cent individuals. A highly diagnostic polysynthetic twin 
is albite twinning in the plagioclase feldspar series. The 
twin plane is {010}, and the individual twin lamellae that 

can be seen by the naked eye are commonly quite thin, 
ranging from 0.1 to several millimeters in thickness. This 
twin is evidenced by parallel lines or striations seen on 
cleavage directions that cut across the {010} pinacoid. 
The striations resulting from this polysynthetic twinning 
are shown in Figs. 22.4a and b. Polysynthetic twinning in 
a magnetite crystal is shown in Fig. 22.4c. 

By no means are all striations, as seen on crystal faces, 
the result of polysynthetic twinning, however. Figures 
22.4d and c show striations that result from the inter- 
growths of two forms. Pyrite cubes (Fig. 22.4d) typically 
show striations that are the result of successive combina- 
tions of other faces or of another form (pyritohedral) in 
narrow lines with the cube. The magnetite crystal in Fig. 
22.4e shows striations on dodecahedral faces caused by 
the stepwise growth of octahedral faces. 
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FIGURE 22.3 (a) Octahedron with possible twin plane b-b 
(111). This is one of four octahedral directions in the form {111}. 
(b) Octahedral twinning {111} as shown by spinel. (c) Right- and 
left-handed quartz crystals twinned along (1122), the Japanese 
twin law. (d) Two interpenetrating cubes of fluorite twinned on 
[111] as the twin axis. (e) Two pyritohedral crystals (of pyrite) 

forming an iron cross, with twin axis [001]. (f) Orthoclase 

exhibiting the Carlsbad twin law in which two interpenetrating 
crystals are twinned by a 180° rotation about the c axis, [001] 

direction. The schematic cross section, parallel to (010), reveals 

the presence of the 2-fold twin axis along [001]. (From Manual 

of Mineralogy, 21st ed., Fig. 2.112, p. 103.) 

Contact Twins 

(a) 

Penetration Twins 

Fluorite 

(d) | 
Orthoclase 

(f) 
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an octahedral face. (d) Striations on a cube of pyrite. (e) Stria- 

bite polysynthetically twinned on {010}. (b) The appearance of tions on dodecahedral faces of magnetite caused by the pres- 

albite twinning as striations or parallel groovings across a ence of octahedral faces (0). (Parts c,d and e from C. S. Hurlbut, 

cleavage or crystal face that crosses {010}. (c) Octahedral crystal Jr., 1949, Minerals and How to Study Them, Wiley, New York, p. 

of magnetite with twinning lamellae appearing as striations on 50.) 

FIGURE 22.4 Polysynthetic twinning and striations.(a) Al- 
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Cleavage, Parting, and Fracture 
Cleavage, parting, and fracture are the responses of a 
mineral to hammering or crushing. Cleavage is the natu- 
ral and easy fracture that yields more or less smooth, 
plane surfaces in some crystallographic directions. Part- 
ing is commonly less obvious than well-developed cleav- 
age and is a breaking parallel to rational crystallographic 
planes. It is restricted to specimens that are subjected to 
pressures or have been twinned. Fracture is the breaking 
of a mineral in response to a hammerblow along an 
irregular surface. Cleavage, parting, and fracture all 
mark directions in crystal structures where the forces 
binding the atoms (or ions) are relatively weak (see Fig. 
22.5). Cleavage may be strongly developed in some min- 
erals, or it may be fairly obscure in some other minerals. 
The range of cleavage development is expressed as per- 
fect cleavage, as, for example, the cubic cleavage of galena; 

good cleavage, as, for example, the prismatic cleavage in 
pyroxenes; and poor cleavage, as in beryl or apatite. A 
mineral such as quartz shows no cleavage. When we 
determine cleavage in a mineral, it is important to note 

(1) the number of cleavage directions in a single mineral 
specimen, (2) the angles between these directions, and 
(3) the quality and ease of cleavage. Because cleavage 
planes are parallel to possible rational crystal faces, the 
planes are commonly identified by Miller indices. For 
example, cubic cleavage is noted as {100}, octahedral 

cleavage as {111}, dodecahedral cleavage as {011}, rhom- 

bohedral cleavage as {1011}, prismatic cleavage as {110}, 

and basal cleavage as {001}. (See Fig. 22.5 for illustrations 
of these cleavage directions.) 

Directions of parting can similarly be expressed by 
Miller index notation. Basal parting in pyroxene is paral- 
lel to {100}, and rhombohedral parting in corundum is 

parallel to {1011}. 
Because fracture surfaces are not parallel to any spe- 

cific crystallographic directions, they can be described 
only in qualitative terms such as 

conchoidal — showing smooth, curved fracture surfaces 
résembling the interior surface of a shell. Conchoidal 
fracture is diagnostic of amorphous materials such as 
glass (see Fig. 22.51), but it is also shown by quartz. 

fibrous and splintering. 

hackly — showing fractures with sharp edges. 

uneven or irregular. 

Luster : 
The term luster refers to the general appearance of a 

mineral surface in reflected light. The two distinct types 

of luster are metallic and nonmetallic, but there is no sharp 

division between them. Although the difference between 

these types of luster is not easy to describe, the eye 

discerns it easily and, after some experience, seldom 

makes a mistake. Metallic is the luster of a metallic 

surface such as chrome, steel, copper, and gold. These 

materials are quite opaque to light; no light passes through 
even at very thin edges. Galena, pyrite, and chalcopyrite 
are common minerals with metallic luster. Nonmetallic 
luster is generally shown by light-colored minerals that 
transmit light, if not through thick portions at least 

through their edges. The following terms are used to 
describe further the luster of nonmetallic minerals. 

vitreous — with the luster of a piece of broken glass. This 
is commonly seen in quartz and many nonmetallic 
minerals. 

resinous or waxy — with the luster of a piece of resin. This 
is common in samples of sphalerite. 

pearly — with the luster of mother of pearl. An iridescent 
pearllike luster. This is characteristic of mineral surfaces 
that are parallel to well-developed cleavage planes. The 
cleavage surface of talc and the basal plane cleavage of 
apophyllite show pearly luster. 

greasy — appears as though covered with a thin layer of 
oil. This luster results from light scattered by a micro- 
scopically rough surface. Some milky quartz and nephe- 
line specimens may show this. 

silky, or silklike — describing the luster of a skein of silk 
or a piece of satin. This is characteristic of some minerals 
in fibrous aggregates. Examples are fibrous gypsum, 
known as satin spar, and chrysotile asbestos. 

adamantine (from the Greek word adamas, meaning 
diamond) — with the luster of the diamond. This is the 
brilliant luster shown by some minerals that also have a 
high refractive index and as such refract light strongly as 
does diamond. Examples are the carbonate of lead, 
cerussite, and the sulfate of lead, anglesite. 

Color 
The variation in the color of minerals is very great, and 
the terms used in describing the color are so familiar that 
they explain themselves. 

Because color varies not only from one mineral to 

another, but also within the same mineral (or mineral 

group), the mineralogy student must learn in which 
minerals it is a constant property and can therefore be 
relied upon as a distinguishing criterion. Most minerals 
witha metallic luster vary little in color, but most nonme- 
tallic minerals vary widely incolor. Although the color of 
a freshly broken surface of metallic minerals is often 
highly diagnostic, these same minerals may become tar- 
nished with time. Sucha tarnish may dull some minerals 
suchas galena, which has a bright, bluish lead-gray color 

on a fresh surface, but may become dull upon long 
exposure to air. Bornite, which on a freshly broken 
surface has a brownish-bronze color, may be so highly 
tarnished on an older surface that it shows variegated 
purples and blues; hence, it is called peacock ore. In other 
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Fig. 6.5, p. 254), (i) conchoidal fracture 

which are potential parting planes. (From Manual of 

in obsidian (volcanic glass). (From Manual of Mineralogy, 
6.5, and 6.6, pp. 253 and 254). 
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words, in the identification of minerals with a metallic 
luster, it is important to have a freshly broken surface to 
which a more tarnished surface can be compared. 

Of all the minerals with nonmetallic luster, a few have 
such a constant color that their coloration can be used as 
a truly diagnostic property. Examples are malachite, 
which is green; azurite, which is blue; rhodonite, which 

is red; and turquoise, which gives its name to the tur- 

quoise color, a greenish blue to blue-green. Most nonme- 
tallic minerals have a relatively narrow range in colors, 
although some show an unusually large range. Members 
of the plagioclase feldspar series range from almost pure 
white in albite, through light gray to darker gray toward 

the anorthite end-member. Most common garnets show 
various shades of red to red-brown to brown. Members 
of the monoclinic pyroxene group range from almost 
white in pure diopside, to light green in diopside with a 
little iron in substitution for magnesium in the structure, 
through dark green in hedenbergite, to almost black in 
many augites. Members of the orthopyroxene series 
(enstatite to ferrosilite) range from light beige to darker 
brown. On the other hand, tourmaline may show many 
colors (red, blue, green, brown, and black) as well as 

distinct color zonation from colorless through pink to 
green within a single crystal . Similarly, gem minerals 
such as corundum, beryl, quartz, and numerous others 

occur in many colors; the gemstones cut from them are 
given varietal names. In short, in most nonmetallic 
minerals color is a helpful property, but not commonly a 
truly diagnostic (and therefore unique) property. 

Streak 
It is commonly very useful, especially in metallic miner- 
als, to test the color of the fine powder or the color of the 
streak. To determine the color of the streak of a mineral, 

you will use a piece of unglazed white porcelain called a 
streak plate. Minerals with a hardness higher than that of 
the streak plate will not powder by rubbing them against 
it. The hardness of a streak plate is about 7 (see exercise 
23). This test will show that black hematite with a silvery 
luster has a red streak. Most minerals with a nonmetallic 
luster will have a whitish streak, even though the miner- 
als themselves are colored. 

Other Properties Depending On Light 
Minerals are commonly described in terms of the amount 
of light they can transmit. Such properties are grouped 
under the term diaphaneity, meaning the light-transmit- 

ting qualities of a mineral, from the Greek word dia- 

phanes, meaning transparent. Examples follow. 

transparent — describing a mineral that is capable of 

transmitting light, and through which an object may be 

seen. Quartz and calcite are commonly transparent. Most 

gem materials are highly transparent and commonly 

priced on the basis of the quality of their transparency. 

translucent -— said of a mineral that is capable of transmit- 
ting light diffusely, but is not transparent. Although a 
translucent mineral allows light to be transmitted, it will 

not show a sharp outline of an object seen through it. 
Some varieties of gypsum are commonly translucent. 

opaque — describing a mineral that is impervious to vis- 
ible light, even on the outer edges of the mineral. Most 

metallic minerals are opaque. 

As a mineral is turned in a light source, the light may 
be reflected (or diffracted) in such a way that a series of 
unusual light patterns are produced. The following prop- 
erties may be observed. 

Play of colors — the result of the production of a series of 
colors as the angle of the incident light is changed. 
Precious (gem) opals may show such striking color dis- 
plays. 

Opalescence — the pearly reflection of a range of colors 

from the interior of a mineral. It may be well developed 
in common opal and in varieties of Na-rich plagioclase 
known as moonstone. 

Iridescence (also referred to as schiller, or labradores- 

cence) —a show of rainbow colors in shifting patterns, the 

result of light scattered by extremely thin and closely 
spaced (microscopic) cleavage planes, twin or exsolution 
lamellae within the mineral. The plagioclase feldspar, la- 
bradorite, may show colors ranging from blue to green to 
yellow with the changing angle of light. 

Chatoyancy — a movable wavy or silky sheen concen- 
trated in a narrow band of light that changes position as 
the mineralis turned. It results from the reflection of light 
from minute parallel fibers, cavities, or needlelike inclu- 

sions within the mineral. The effect is best seen on 
cabochon-cut gemstones, which may display a thin band 
of light at right angles to the length of inclusions or fibers 
inside the cut stone. Examples are cat's eye, a gem variety 
of chrysoberyl, and tiger’s eye, fibrous crocidolite (blue or 
oxidized to brown) replaced by quartz. 

Asterism — the optical phenomenon of a rayed or star- 
shaped figure of light displayed by some minerals when 
viewed in reflected light. It is generally the result of 
minute, needlelike inclusions arranged in three crystal- 
lographic directions at 120° to each other. This is beauti- 
fully shown by cabochon-cut gemstones such as star 
sapphires and star rubies. 
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MATERIALS 

Various collections of mineral specimens that display a 
range of habits, aspects of twinning, types of cleavage, 
metallic and nonmetallic luster, and a range of colors. 

Such specialized collections, if not already available in 
the laboratory, can be bought from mineral supply houses 
such as Ward’s Natural Science Establishment, Inc., 

Rochester, New York. For the determination of streak an 

unglazed white porcelain plate is needed. A hand lens, 
with about 10x magnification, is very helpful for the 
detailed observation of various physical properties. A 
binocular microscope with a good light source is also 
very useful. Note that some of the physical properties 
introduced in this exercise form the basis for determina- 
tive tables in several textbooks (e.g., Appendix 1 in 

Manual of Mineralogy, 21st ed., and Chapter 16 in Miner- 
alogy, by Berry, Mason, and Dietrich). 

ASSIGNMENT 
1. Habit. If a specific mineral collection with a range of 

mineral habits is available, observe and carefully 
handle each of the specimens and familiarize yourself 
with the various descriptive terms. Read through the 
listing of such terms, as just given, and at the same 
time look over the illustrations in Fig. 22.2. If a specific 
habit collection is not available, look through any 
mineral exhibits that are available in the laboratory, in 

the hallways of your building, or in museum collec- 
tions, and locate in these collections the various habits 

as described earlier. 

2. Crystal form. If you have already worked your way 
through exercises 1 through 3, or 1 through 8, you will 
have little difficulty in recognizing the forms dis- 
played by well-developed crystals. Good crystal col- 
lections are usually housed in locked cabinets, and 
you will probably have little chance to handle good- 
sized, well-developed crystals. If, however, you have 
been asked to do the present assignment without 
prior knowledge of various aspects of crystallogra- 
phy, you will find it helpful to consult at least Fig. 3.1 
and Table 3.1 for a brief introduction to the most 
common geometrical shapes and form names of crys- 

tals. You can further acquaint yourself with crystal 

form descriptions by consulting any of the references 

quoted in exercise 3. 

. Twinning. The most important type of twinning that 

you should learn to recognize is that displayed by 

members of the plagioclase feldspar series. This min- 

eral group commonly shows well-developed poly- 
synthetic twinning, as illustrated in Fig. 22.4b. The 
presence of this twinning, commonly seen as closely 
spaced striations ona cleavage face, is highly diagnos- 
tic of the plagioclase feldspars. Several specimens 
ranging from albite to anorthite should be handled 
and observed. A hand lens or binocular microscope 

will be very helpful in recognizing this type of twin- 
ning. 

. Cleavage and fracture. A collection showing minerals 
with a range of cleavage types and perfection is very 
helpful. The collection should include minerals such 
as galena, calcite, fluorite, halite, tremolite (or some 

other amphibole), diopside (or some other pyroxene), 
muscovite (orsome other mica), microcline, and quartz. 

For each of the mineral specimens in sucha collection, 
note the number of cleavage directions and the quality 
of the cleavage (as described, under background in- 
formation). If more than one cleavage direction is 
present, estimate the angles between them; this is es- 

pecially diagnostic in amphiboles, pyroxenes, and 
feldspars. Conchoidal fracture is generally very well 
illustrated by volcanic glass specimens. 

. Luster. A collection of minerals illustrating various 

types of luster is very instructive. In such a collection 
observe the obvious distinction between metallic and 
nonmetallic luster, and among the nonmetallic miner- 

als familiarize yourself with the various descriptive 
terms given under background information. 

. Color, streak, and some other properties dependent on 
light. Here again a collection specifically directed to 
various colors and color ranges is helpful for intro- 
ductory study. The concept of streak is best introduced 
by scratching black, metallic hematite on an unglazed 
porcelain plate and observing the color of the streak. 
Iridescence is commonly well developed in specimens 
of the plagioclase feldspar known as labradorite. 
Properties such as chatoyance, and asterism are best 
seen in exhibits of some gem materials. 



EXERCISE 23 

PHYSICAL AND SOME CHEMICAL PROPERTIES OF MINERALS II: 
HARDNESS, TENACITY, SPECIFIC GRAVITY, MAGNETISM, 
FUORESCENCE, SOLUBILITY IN HYDROCHLORIC ACID, 

AND RADIOACTIVITY 

PURPOSE OF EXERCISE 

To gain familiarity with some additional diagnostic 
properties used in hand specimen identification of min- 
erals and rocks. Evaluations of such properties are the 
basis for mineral identification assignments in exercises 
24 through 30. 

BACKGROUND INFORMATION: In exercise 22 you 
were introduced to several physical properties that are 
relatively easy to observe in hand specimens without 
specific testing tools (except for the streak plate needed 
to obtaina streak). In this exercise you will be introduced 
to additional physical properties all of which require 
various kinds of testing tools or apparatus. 

Hardness (H) 
Hardness is the resistance of a mineral to scratching. It is 
a property by which minerals may be described, relative 
to a standard scale of ten minerals known at the Mohs 
scale. The ten minerals making up the Mohs scale of 
hardness are listed in Table 23.1. The degree of hardness 
is determined by observing the comparative ease or 
difficulty with which one mineral is scratched by an- 
other, or by a pocket knife or a steel file. Figure 23.1 
shows the relationship of the Mohs relative hardness 
scale to absolute measurements of hardness. 

For measuring the hardness of a mineral, several 
common objects that can be used for scratching are very 
helpful, such as a fingernail, a copper coin, a steel pocket 
knife, a glass plate or window glass, the steel of a file, and 
a streak plate. The approximate hardness of these mate- 
rials is listed next to the minerals of the Mohs scale in 
Table 23.1. 

In the practical determination of the relative hardness 
of a mineral, it is necessary to decide which of the 

minerals, or other materials (as listed in Table 23.1) it can 

or cannot scratch. In making hardness tests, keep the 
following in mind: sametimes when one mineral is softer 
than another, portions of the softer mineral may leave a 

mark on the harder material, which may be mistaken for 
a scratch. Such a mark can be rubbed off, whereas a real 

scratch is permanent. The surface of some minerals may 
have been altered to material that is softer than the 
original mineral. Therefore, a fresh surface of the speci- 
men must be used in hardness testing. In addition, the 

physical and aggregate nature of a mineral may prevent 

Copyright John Wiley & Sons, Inc. 

a correct determination of its hardness. For example, if 

the mineral is finely granular or splintery, it may be 
broken down and apparently scratched by a mineral 
softer than itself. It is therefore advisable when making 
a hardness test to confirm it by reversing the procedure. 
That is, do not try just to scratch mineral A with mineral 
B, but also try to scratch sample B with sample A. 

Because there is a general link between hardness and 
chemical composition, the following generalizations can 
be made. 

1. Most hydrous minerals are relatively soft (H <5). 

2. Halides, carbonates, sulfates, and phosphates are also 

relatively soft (H < 55). 

3. Most sulfides are relatively soft (H <5) with pyrite 
being an exception (H < 6 to 65). 

4. Mostanhydrous oxides and silicates are hard (H>5>5). 

Because hardness is a highly diagnostic property in 
mineral identification, most determinative tables use 
relative hardness as a sorting parameter (see, for ex- 
ample, Appendix 1 in Manual of Mineralogy, 21st ed.,and 
Chapter 16 in Mineralogy, by Berry, Masonand Dietrich). 

Tenacity 
Under tenacity are grouped several other mineral prop- 
erties that depend on the cohesive force between atoms 
(and ions) in mineral structures. The following terms are 
used to describe a mineral’s tenacity. 

malleable—capable of being flattened under the blows of 
a hammer into thin sheets without breaking or crum- 
bling in fragments. Malleability is conspicuous in gold, 
silver, and copper. Indeed, most of the native elements 
show various degrees of malleability. 

sectile — capable of being severed by the smooth cut of a 
knife. Copper, silver, and gold are sectile, whereas chal- 

cocite and gypsum are both imperfectly sectile. 

ductile — capable of being drawn into the form of a wire. 
Gold, silver, and copper are ductile. 

flexible — bending easily and staying bent after the pres- 
sure is removed. Talc is flexible. 

brittle — showing little to no resistance to breakage, and 
as such separating into fragments under the blow of a 
hammer or with the cut of a knife. Most silicate minerals 
are brittle. 

313 
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FIGURE 23.1 Comparison of the Mohs relative hardness 

scale to absolute measurement of hardness. (From Manual of 

Mineralogy, 21st ed., p. 255;) 
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elastic —capable of being bent or pulled out of shape but, 
returning to the original form when relieved. Mica is 
elastic. 

Specific Gravity (G) 
Specific gravity is a number that expresses the ratio be- 
tween the weight of a substance and the weight of an 
equal volume of water at 4°C. Thus a mineral with a 
specific gravity (G) of 2 weighs twice as much as the 
same volume of water. 

The specific gravity of a mineral depends on (1) the 
atomic weights of all the elements of which it is com- 
posed and (2) the manner in which the atoms (and ions) 
are packed together. In mineral series whose species 
have essentially identical structures (known as isostruc- 
tural), those with elements of higher atomic weight have 

5 4 3 2 1 

Mohs scale 

higher specific gravities. If two minerals (as in the two 
polymorphs of carbon, namely graphite and diamond) 
have the same chemical composition, the differences in 
specific gravity reflect the difference in internal packing 
of the atoms or ions (diamond with G = 3.51 has a much 
more densely packed structure than graphite with G = 
223): 

Most people, from everyday experience, have ac- 
quired a sense of relative weight even about nonmetallic 
and metallic minerals. For example, borax (G = 1.7) 

seems light for a nonmetallic mineral, whereas barite (G 
= 4.5) appears heavy. This means that people have devel- 
oped an idea of an average specific gravity for a nonmetal- 
lic mineral, or a sense of what a nonmetallic mineral of a 
given size should weigh. The average specific gravity is 
considered to be somewhere between 2.65 and 2.75, 
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TABLE 23.1 Mohs Hardness Scale and Additional Observations 

Mohs 
Mineral Hardness Other Materials Observations on the Minerals 
i Eee ee ee ah 
Talc 1 Very easily scratched by the fingernail; has a greasy feel 

Gypsum 2 ~2.2 fingernail Can be scratched by the fingernail 

Calcite 3 ~3.2 copper penny Very easily scratched with a knife and just scratched by a copper coin 

Fluorite 4 Easily scratched with a knife but not as easily as calcite 

Apatite 5 ~5.1 pocket knife Scratched with a knife with difficulty 
~5.5 glass plate 

Orthoclase 6 ~6.5 steel file Cannot be scratched with a knife, but scratches glass with difficulty 

Quartz 7 ~7.0 streak plate Scratches glass easily 

Topaz 8 Scratches glass very easily 

Corundum 9 Cuts glass 

Diamond 10 Used as a glass cutter 

which is reflected by the range of specific gravities of 
quartz (G = 2.65), feldspar (G = 2.60 to 2.75), and calcite 

(G = 2.72). People have the same sense about metallic 
minerals: graphite (G = 2.23) seems light, whereas silver 
(G = 10.5) appears heavy. The average specific gravity 
for metallic minerals is about 5.0, that of pyrite. Thus, 

with some practice, a person can, by merely lifting speci- 
mens, distinguish minerals that have comparatively small 
differences in specific gravity. 

A simple spring balance allows us to determine spe- 
cific gravity with ease and with much greater accuracy 
than is possible by assessing the average heft of a mineral 
by hand. Such a balance, known as the Jolly balance (see 
Fig. 23.2), provides numerical values for a small mineral 

specimen (or fragment) in air as well as in water. When 
the mineral is weighed immersed in water, it is buoyed 
up and weighs less than it does in air; this weight loss is 
equal to the weight of water it displaces. Hence, if we find 
first the weight of a mineral fragment on a pan of the 
balance in air, and subsequently its weight while im- 
mersed in water (it being suspended on a pan by a thin 

wire thread), and subtract the two weights, the differ- 

ence is the weight of the equal volume of water. For 
example, the weight of a small quartz fragment is 4.265 
grams in air; in water itis 1.609 grams. The loss of weight, 
or weight of an equal volume of water exactly equal to it, 
is therefore 2.656 grams; hence the specific gravity is 

4.265 _ 265 

1.609 

4.265 

4.265 — 2.656 

which is indeed that of quartz. 
In other words, the specific gravity of a mineral (G) 

can be expressed as follows, 

Wi 

W,-W, 

in which W, is the weight in air and W, is the weight in 
water. 
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FIGURE 23.2 _Jolly balance. (From Manual of Mineralogy, 

21st ed., p. 257.) 

(== 
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Because specific gravity is merely a ratio, it is not 
necessary to determine the absolute weight of a speci- 
men but merely values proportional to the weights in air 
and in water. The Jolly balance allows us to do this directly 
by measuring the stretch of a spiral spring. In using the 
balance, first place a fragment on the upper scale pan and 
note the elongation of the spring (this gives the weight in 
air, W,). The fragment is subsequently transferred to the 
lower pan and immersed in water. The elongation of the 
spring is now propositional to the weight of the fragment 
in water (W_). More specific instructions regarding the 
use of the Jolly balance are given in the assignment 
section. 

For the accurate determination of the specific gravity 
of a mineral fragment, one must use a homogeneous and 

pure specimen. The specimen must also be compact, 

without cracks or cavities within which bubbles
 or films 

of air may be trapped. For routine mineralogical
 work, 

the specimen should have a volume of about one cubic 

centimeter. If these conditions are not met, a specific 

gravity determination with the Jolly balance will have 

little meaning. 

Magnetism 
The two common minerals, magnetite and pyrrhotite, 

are highly magnetic. That is, both are easily attracted to 

a small hand magnet. Both are opaque minerals that may 

occur as minor constituents in a wide range of mineral 

associations and rock types. Even if present in small 

quantities, or withsmall-sized grains, the removal of on
e 

or several grains from a specimen with a needle or a 

pocket knife allows for the testing of magnetism of 

individual grains. Magnetite is very strongly attracted to 

a magnet, pyrrhotite less so. 

Fluorescence 
Some minerals when exposed to ultraviolet light will 

emit visible light during irradiation; this is known as 

fluorescence. Some minerals fluoresce only inshortwave 

ultraviolet, whereas others may fluoresce only in 

longwave ultraviolet, and still others fluoresce under 

either. The color and intensity of the emitted light vary 

considerably with the wavelengths of ultraviolet light. 

Fluorescence isan unpredictable property, because some 

specimens of a mineral show it, whereas other appar- 

ently similar specimens, even those from the same local- 

ity, do not. Several minerals that may show fluorescence 

are fluorite, sheelite, calcite, scapolite, willemite, and 

autunite. Specimens of willemite and calcite from the 
Franklin district, New Jersey, may show brilliant fluores- 

cence colors. 

Solubility in HCI 
The positive identification of carbonate mineralsis much 
aided by the fact that the carbon—oxygen bond of the 
(CO,) group in carbonates becomes unstable and breaks 
downin the presence of hydrogen ions available in acids. 
This is expressed by the reaction 2H* + CO, —* H,O+ 
CO,, which is the basis for the “fizz” test with dilute 
hydrochloricacid. Calcite, aragonite, witherite, and stron- 

tianite as well as Cu-carbonates show bubbling or effer- 
vescence (fizz) when a drop of dilute HCl is placed on the 
mineral. The fizz is the result of the release of CO,. Other 
carbonates such as dolomite, rhodochrosite, magnesite, 

and siderite will show effervescence only in hot HCl. 

Radioactivity 
Minerals containing uranium and thorium will continu- 
ally undergo decay reactions in which radioactive iso- 
topes of U and Th form various daughter elements and 
also release energy in the form of alpha and beta particles 
and gamma radiation. The radiation produced can be 
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measured in the laboratory or in the field using a Geiger 
counter or a scintillation counter. A radiation counter, 
therefore, is helpful in the identification of U- and Th- 
containing minerals. Examples are uraninite, pitchblende, 
thorianite, and autunite. 
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MATERIALS 

The minerals of Mohs’ scale for testing hardness are 
essential to this exercise. Such a specialized collection, if 

not already available, can be bought from mineral sup- 
ply houses, such as Ward’s Natural Science Establish- 
ment, Inc., Rochester, New York. The students should be 

provided with glass plates for hardness testing, and they 
should have a pocket knife for this exercise as well as for 
any subsequent assignments on mineral identification. 
A collection of small, clean, homogeneous, and single 

mineral specimens for specific gravity determination 
with the Jolly balance is highly instructive in teaching the 
diagnostic aspects of specific gravity and the technique 
itself. Small plastic bottles with eye droppers, filled with 

dilute HCI (concentrated HCI diluted withdistilled water 
in a proportion of 1 to 10) are needed for carbonate fizz 
tests, and horseshoe magnets are essential in the evalu- 

ation of magnetic properties. An ultraviolet light source 
(preferably with shortwave and longwave uv radiation) 
and selected fluorescent mineral specimens will quickly 
illustrate the usefulness of this diagnostic technique. 
Similarly, a Geiger counter or a scintillation counter in 
conjunction with some radioactive mineral specimens 
willillustrate the powerful diagnostic aspects of radioac- 
tivity and the need for safety precautions. A hand lens, 
with about 10x magnification, is very helpful for the 
detailed observation of the various physical properties. 
A binocular microscope with a good light is also very 
helpful. Note that some of the physical properties intro- 
duced in this exercise form the basis for determinative 
tables in various textbooks (e.g., Appendix 1 in Manual of 

Mineralogy, 21st ed., and Chapter 16 in Mineralogy by 

Berry, Mason, and Dietrich). 

ASSIGNMENT 
1. Hardness. Determine the relative hardness of a set of 

unknown minerals, and arrange them into groups of 
soft (H = 1 to 3), medium (H = 4 to 6), and hard (H = 

7 to 9). Do this by using any of the simple tools 
available, such as a fingernail, copper penny, pocket 

knife, glass plate, and streak plate. Subsequently you 
may wish to arrange the same minerals in an even 
better-defined hardness sequence by comparing the 
hardness of each of the unknowns with the values of 
a specific hardness collection based on the Mohsscale. 
Generally such kits have nine minerals but lack dia- 
mond. 

One small scratch is really all that is needed for 
making a hardness test. Additional scratching oreven 
gouging of softer specimens is no more diagnostic 
than the one small scratch; one scratch leaves a much 

nicer specimen for others to work with. Because hard- 
ness is a property of a single mineral grain, it is best to 
try to scratch a single grain instead of an aggregate of 
grains. Whena fine-grained aggregate of quartz grains, 
as ina sandstone, is scratched with a pocket knife, the 

relatively loosely cemented grains may disaggregate, 
giving an erroneous impression of relatively low 
hardness. 

2. Specific Gravity. Asan introduction to the evaluation 
of the relative “heft” of minerals, weigh several 
(metallicand nonmetallic) mineral specimens by hand, 
while at the same time estimating the relative sizes of 
the specimens. This will help you develop a general 
sense of relative specific gravity. 

A much more accurate method of determining spe- 
cific gravity is by the Jolly balance. The data obtained by 
this technique can be used for quite unambiguous iden- 

tification of unknown materials; refer to Table 23.2. You 

should have available a few unknown, small, single- 

mineral specimens for use on the balance. For measuring 
with the Jolly balance you also need a glass beaker filled 
with water and two weighing pans, one in the water, the 

other above it in air (and dry). Specific instructions for 

the use of the Jolly balance follow. 

a. With the two pans in the arrangement described, 
bring all scales to 0. You do this by loosening the 
locking screws at the left and bottom right and by 
turning the large knurled screw until you arrive at O. 

b. When all scales are at 0, and one pan is dry, the 
other in water, align the horizontal marking on the 
mirror very carefully with a reference point at the 
bottom of the spring. Now everything is ata reference 
position. 

c. Insert the unknown in the upper pan, being careful 
that your pan does not hit the water under the weight; 
ifit gets wet, dry it. Use the large knurled knob to raise 
the pan until the reference point is again in line with 
the horizontal marking on the mirror. The number 
you now read on the left-hand scale is W.,, (=W,). 

d. Insert the unknown in the lower pan, in water. 
Lock both locking screws. Use the large knurled knob 
to adjust the spring enough so that you again align the 
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TABLE 23.2 Minerals Arranged According to Increasing Specific Gravity 

G 

1.6 

TZ 

1.95 

1.96 

1.99 

2.0-2.19 

2.0—2.55 

2.0-2.4 

2.05-2.09 

2.05-2.15 

1.9-2.2 

2.09-2.14 

2.1-2.2 

2.16 

2.18-2.20 

2.2-2.39 

2.0-2.4 

2.2-2.65 

223 

2.25 

2.26 

pajadf 

fap, 

2.30 

2.30 

2 a2 

Zo 

2.3-2.4 

fe) 

2.42.59 

2.0-2.55 

2.2-2.65 

2.42 

2.42 

2.4-2.45 

2.45-2.50 

2.2-2.8 

2.54-2.57 

Peey 

Name 

Carnallite 

Borax 

Kernite 

Ulexite 

Sylvite 

Bauxite 

Chrysocolla 

Sulfur 

Chabazite 

Opal 

Niter 

Stilbite 

Halite 

Heulandite 

Chrysocolla 

Serpentine 

Graphite 

Natrolite 

Tridymite 

Analcime 

Nitratite 

Cristobalite 

Sodalite 

Gypsum 

Wavellite 

Apophyllite 

Brucite 

Bauxite 

Serpentine 

Colemanite 

Petalite 

Lazurite 

Leucite 

Garnierite 

Microcline 

Othoclase 

G Name 

2.6—2.79 

2.55-2.65 Nepheline 

2.6-2.63 Kaolinite 

2.62 Albite 

2.60-2.66 Cordierite 

2.65 Oligoclase 

2.65 Quartz 

2.69 Andesine 

2.6-2.8 Alunite 

2.6-2.8 Turquoise 

2/1 Labradorite 

2.65-2.74 Scapolite 

2.65-2.8 Beryl 

Pad Calcite 

2.6-3.3 Chlorite 

2.62-2.76 Plagioclase 

2.6-2.9 Collophane 

2.74 Bytownite 

2.7-2.8 Pectolite 

2.7-2.8 Tale 

2.76 Anorthite 

2.8-2.99 

2.6-2.9 Collophane 

2.8-2.9 Pyrophyllite 
2.8-2.9 Wollastonite 

2.85 Dolomite 

2.86 Phlogopite 
2.76-2.88 Muscovite 
2.8-2.95 Prehnite 
2.8-3.0 Datolite 

2.8-3.0 Lepidolite 
2.89-2.98 Anhydrite 
2.9-3.0 Boracite 

pais) Aragonite 
2.95 Erythrite 
2.8-3.2 Biotite 

2.95-3.0 Cryolite 
2.97-3.00 Phenacite 

3.0-3.19 

2.97-3.02 Danburite 

a The names printed in boldface type are those of the most common minerals. 
SOURCE: From Manual of Mineralogy, 21st ed., pp. 647 and 648. 

G 

2.85-3.2 

3.0-3.1 

3.0-3.1 

3.0-3.2 

3.0-3.1 

3.0-3.25 

3.0-3.3 

3.09 

3.1-3.2 

3.1-3.2 

3.15-3.20 

3.15-3.20 

3.16-3.20 

3.18 

3.2-3.39 

3.1-3.3 

Bu 

3.23 

3.2-3.3 

3.2-3.4 

3.25-3.37 

3.26-3.36 

3.27-3.35 

3.27-4.37 

3.2-3.5 

3.4-3.59 

3.27-4.27 

3.3-3.5 

3.35-3.45 

3.35-3.45 

3.35-3.45 

3.4-3.5 

3.45 

3.40-3.55 

3.4-3,.55 

3.48 

3.42-3.56 

3.49 

3.4-3.6 

3.5 

3.45-3.60 

Name 

Anthophyllite 

Amblygonite 

Lazulite 

Magnesite 

Margarite 

Tourmaline 

Tremolite 

Lawsonite 

Autunite 

Chondrodite 

Apatite 

Spodumene 

Andalusite 

Fluorite 

Scorodite 

Hornblende 

Sillimanite 

Diopside 

Augite 

Clinozoisite 

Dumortierite 

Axinite 

Olivine 

Enstatite 

Olivine 

Jadeite 

Diaspore 

Epidote 

Vesuvianite 

Hemimorphite 

Arfvedsonite 

Acmite 

Titanite 

Realgar 

Triphylite 

Orpiment 

Topaz 

Diamond 

Rhodochrosite 



TABLE 23.2 (continued) 

G 

3.54.3 

3.6-3.79 

3.27-4.37 

3.54.2 

3.5-4.3 

3.64.0 

3.56-3.66 

3.58-3.70 

3.65-3.75 

3.7 

3.65-3.8 

3.75-3.77 

3.77 

3.8-3.99 

3.7-4.7 

3.64.0 

3.64.0 

3.83-3.88 

3.54.2 

3.54.3 

39 

3.9-4.03 

3.95-3.97 

4.0-4.19 

3.9-4.1 

4.02 

3.9-4.2 

4.2-4.39 

4.1-4.3 

3.7-4.7 

4.18-4.25 

4.3 

4.3 

4.37 

4.35-4.40 

4.44.59 

4.43-4.45 

4.5 

Name 

Garnet 

Olivine 

Allanite 

Garnet 

Spinel 

Kyanite 

Rhodonite 

Staurolite 

Strontianite 

Chrysoberyl 

Atacamite 

Azurite 

Romanechite 

Spinel 

Limonite 

Siderite 

Allanite 

Garnet 

Antlerite 

Malachite 

Celestite 

Sphalerite 

Corundum 

Willemite 

Chalcopyrite 

Romanechite 

Rutile 

Manganite 

Witherite 

Goethite 

Smithsonite 

Enargite 

Barite 

G 

4.55 

4.52-4.62 

4.64.79 

3.7-4.7 

46 

4,584.65 

4.7 

4.75 

4.64.76 

4.62-4.73 

4.68 

4.84.99 

4.6-5.0 

4.6-5.1 

4.89 

5.0-5.19 

5.02 

48-5.3 

5.06-5.08 

BLS 

5.0-5.3 

5.18 

5.2-5.39 

5.4-5.59 

55 

Don 

555 

5.6-5.79 

5.5-5.8 

5.68 

5a. 

5.5-6.0 

5.3-7.3 

5.8-5.99 

Name 

Gahnite 

Stibnite 

Romanechite 

Chromite 

Pyrrhotite 

Ilmenite 

Pyrolusite 

Covellite 

Molybdenite 

Zircon 

Pentlandite 

Tetrahedrite- 

Tennantite 

Marcasite 

Pyrite 

Hematite 

Bornite 

Franklinite 

Monazite 

Magnetite 

Millerite 

Chlorargyrite 

Proustite 

Chalcocite 

Zincite 

Arsenic 

Jamesonite 

Columbite 

>8.0 

8.0-8.2 

8.10 

8.9 

9.0-9.7 

9.35 

9.8 

10.5 

15.0-19.3 

14-19 
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Name 

Bournonite 

Pyrargyrite 

Crocoite 

Scheelite 

Cuprite 

Arsenopyrite 

Polybasite 

Anglesite 

Columbite 

Cobaltite 

Skutterudite 

Cerussite 

Bismuthinite 

Pyromorphite 

Wulfenite 

Vanadinite 

Cassiterite 

Wolframite 

Acanthite 

Galena 

Iron 

Nickeline 

Sylvanite 

Cinnabar 

Copper 

Uraninite 

Calaverite 

Bismuth 

Silver 

Gold 

Platinum 



320 EXERCISE 23 

reference mark below the spring with the horizontal 
marking on the mirror. The right-hand scale now 
gives you a difference in weight directly, that is, W,,, 

water’ 

e. Using G=W,/W, - W,, calculate the G of your un- 
known, and using Table 23.2, identify the unknown. 

. Carbonate fizz test. Witha drop of dilute HCl oneach, 
test several different carbonate minerals and evaluate 
their different chemical responses. This is a useful 
diagnostic technique in distinguishing among vari- 
ous species in the carbonate mineral group. So as not 
to deface the specimen, test a tiny fragment of the 
mineral on a glass plate or on a watch glass. 

4. Magnetism. Using a small horseshoe magnet, evalu- 
ate the difference in magnetism of magnetite and 
pyrrhotite. 

. Fluorescence. Irradiate a collection of fluorescent 

minerals with two different wavelengths of ultravio- 
let light (shortwave uv and longwave uv) and note the 
various responses as displayed by differences in color 
and its intensity. 

. Radioactivity. Measure the different intensities of 
radioactivity (short wavelength radiation in the X-ray 
region) emitted from various radioactive mineral 
specimens using a Geiger counter or a scintillation 
counter. 



EXERCISE 24 

A. INTRODUCTION TO THE STUDY OF MINERALS 

IN HAND SPECIMENS 

B. ROCK-FORMING SILICATES: COMMON FRAMEWORK 

SILICATES AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

To gain (1) an understanding of how best to study hand 
specimens of minerals, and (2)an overview of the most 
diagnostic physical properties and common occurrences 
of framework silicates. 

BACKGROUND INFORMATION 

a. The study of minerals in hand specimen. In exercises 
22 and 23 you were introduced to various diagnostic and 
physical tests and a chemical test that, when employed 
together, should lead to a relatively clear-cut identifica- 
tion of an unknown mineral in hand specimen. It is now 
appropriate to give you some helpful hints on how best 
to approach hand specimen mineral identification. 

Time and effort must be spent in training the eye and 
other senses about the various properties of minerals. 
This means that a large variety of minerals must be 
looked at and handled. Through careful inspection as 
well as handling of specimens, you will develop the 
ability to assess the overall geometrical shape of a crystal 
or mineral specimen. You can then draw specific conclu- 
sions about crystal form, cleavage, and the type of aggre- 
gation of intergrown mineral grains (details of this are 
given in exercise 22). At the same time you can assess 
whether the specimen is metallic or nonmetallic in luster, 
and what its color is. 

Some soft minerals may have a “greasy” feel, and 
“hefting” (lifting) of a specimen will provide a relative 
estimate of its specific gravity. Some of the most common 
minerals suchas quartz, feldspar, and calcite have nearly 
the same specific gravity. Relative to them, gypsum may 
appear light and barite rather heavy. For a few minerals 
taste is diagnostic, and occasionally odor is a useful 

property. 

All these assessments can be made without specific 
tests such as those that evaluate hardness and streak. 
Indeed, you, the student of mineralogy, must make 

every effort to stimulate and cultivate your powers of 
observation. This will take time and commitment; you 
should observe, study, and handle as many minerals as 
possible in the laboratory, or elsewhere in your institu- 
tion. In a mineralogy or hand specimen petrology class 
or in a sequence of such courses, the laboratory is com- 
monly arranged so that the student can study materials 
in hand specimens in two different types of collections. 
One collection might be a reference or display collection 

Copyright John Wiley & Sons, Inc. 

with identification numbers and labels. This collection is 
generally made of reasonably good- to high-quality 
specimens and is meant for visual inspection only, not 
for hardness, streak, and other somewhat destructive 

testing. The reference collection should be used to study 
better-quality examples and a larger variety of the same 
minerals that were tested in the collection of unknowns. 
Time spent on the reference collection will give you a 
broader understanding and appreciation for the vari- 
ation within a specific mineral or mineral group, but you 
will also learn to recognize the importance of mineral 
associations. In well-labeled collections the minerals that 
are associated with the hand specimen on display are 
generally identified as well. Observations of such asso- 
ciations are commonly helpful in mineral identification. 
In your independent study of minerals and associations, 
expand the scope of your observations to any materials 
on display outside the laboratory. Geology departments 
commonly have hallway displays of minerals, and 
sometimes a small mineral museum as well. Additional 
mineral exhibits may be found in local museums dealing 
with natural history. 

The other collection is commonly a collection of 
unknowns, without identification labels, on which the 

student can exercise his or her powers of identification. 
This second collection can be used for specific gravity, 
cleavage, hardness, and streak tests, all of which lead to 

some degradation of the original specimen. If both types 
of collections are available, you should develop your 
specific testing and mineral recognition skills on the 
unknowns, with the aid of determinative tables in text- 

books. 
In this and the subsequent six exercises (exercises 25 

through 30), properties of many of the most common 
rock-forming and most important ore-forming minerals 
will be highlighted, and only properties of these miner- 
als that are the most diagnostic will be listed. For ex- 
ample, if cleavage is not mentioned, either it is not 
observed or it is too imperfect to be important. Because 
almost all minerals are brittle, this property will not be 
given; however, if the mineral is not brittle but sectile or 

malleable, these properties will be listed and should 
therefore be carefully noted. If the streak is not given, it 
is understood to be white or nearly so, as is the case for 
most nonmetallic minerals. All metallic minerals are 
opaque. 

The goal of this and the subsequent six exercises is to 
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help you increase your ability in mineral identification. 
In order to gain a broad base and versatility in mineral 
recognition, you must never rely on only the properties 
listed in this exercise manual. While studying a specific 
mineral, or various members of a mineral group, you 
must also consult the complete description of that min- 
eral (or mineral group) in the text assigned for the course. 
Reading the full mineral description in the textbook 
while at the same time handling one or several speci- 
mens of a specific mineral ina collection is the best way 
to familiarize yourself with a broad range of properties. 
If some (or all) specimens in your laboratory assign- 
ments are given as “unknowns,” you will find it most 
expeditious to use the mineral identification tables pro- 
vided in several textbooks (e.g., Appendix I in Manual of 
Mineralogy, 21st edition, or Chapter 16 in Mineralogy by 
Berry, Mason, and Dietrich). Before using such tables, 
familiarize yourself with the introductory statement to 
the tables, outlining the manner in which the tables are 
set up. 

FIGURE 24.1 Example of the type of listing of important 
physical properties for the mineral quartz. The most diagnostic 
properties have been circled. 

You will find that after making various diagnostic 
tests (as outlined in earlier exercises) and after consulting 
descriptions in the textbook and comparing these with 
the specimens to which you have access, it is helpful to 
make a listing of various aspects of each of the minerals. 
Such a listing for each mineral can be made on 3 x 5 inch 
index cards. If you have been provided witha collection 
of unknown specimens that you are to “curate” for the 
duration of the course, you can file such cards with the 
appropriate specimens. Figure 24.1 gives suggestions for 
the types of entries that you might make. Or you may 
wish to use a notebook for such listings. In such a 
notebook you can rule a series of parallel vertical col- 
umns, and, to avoid writing the list of properties on each 
page, they may be written on the edge of the first left- 
hand page and the corresponding vertical strip neatly 
cut off from a sufficient number of subsequent pages. 
When a property is particularly diagnostic, it can be 
circled or underscored. It is not worthwhile to repeat in 
tabular form the complete description given in a text- 

QUARTZ 
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book. With some experience you will soon learn what 
should or should not be included in your tabulations. 
Although you cannot determine the chemical composi- 
tion of a mineral, it is very important that you become 
familiar with chemical formulas and ranges of composi- 
tions of solid-solution series in minerals. It is therefore a 
good learning experience to enter a statement about 
composition on your index card or in your tabulation. 

It is not necessary to try to commit to memory all the 
diagnostic properties; this is not only impossible but 
tiresome as well. You will acquire a sense of the impor- 
tant physical properties by repeated observation and 
handling of specimens. But you will need to memorize 
such things as chemical formulas and compositional 
ranges as well as common mineral associations. 

b. Diagnostic properties of the framework silicates. The 
study of hand specimens of minerals begins with frame- 
work silicates because they are several of the most 
common rock-forming silicates; they include quartz, the 
feldspars, feldspathoids, and zeolites. These framework sili- 
cates are also known as tectosilicates, from the Greek 

root tekton, meaning builder. It is instructive to supple- 
ment any laboratory session dealing with specific miner- 
als and mineral groups with representative models of the 
appropriate crystal structures (if available). Descriptions 
and illustrations of crystal structures are not repeated 
here but are available in the various textbooks. 

DIAGNOSTIC ASPECTS OF MINERALS BELONGING TO 
THE FRAMEWORK SILICATE GROUP 

QUARTZ 

Crystal form: Hexagonal, prismatic with horizontal 
striations on prism faces; terminations are 

usually a combination of a positive and a 

negative rhombohedron. 

Hoan7 

G2 2.65 

Fracture: Conchoidal 

Luster: Vitreous 

Color: Usually colorless or white (milky). Colored 

varieties are amethyst—purple; rose 

quartz—light pink; smoky quartz—smoky 
brown to black; citrine—light yellow. 

Occurrence: Acommon rock-forming mineral. Examples 
of rock types in which it is abundant: granite, 

granodiorite, pegmatites, quartz—mica 

schists, quartzites, and sandstones. Quartz 

is absent from SiO,-poor igneous rocks 
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MATERIALS 

Representative collections of the framework silicates, 
which include quartz (and its microcrystalline and granu- 
lar varieties such as chalcedony, chert, and so on), feld- 

spars (microcline, orthoclase, sanidine, and members of 

the plagioclase series), felspathoids (such as leucite, 
nepheline, and sodalite), scapolite, analcime, and zeo- 

lites (such as natrolite, chabazite, and stilbite). Basic 

testing tools for hardness, specific gravity, and streak as 
well as a hand lens, a binocular microscope or both are 
needed. Index cards or a notebook must be available for 
abstracting the most important data for each mineral (see 
Fig. 24.1). 

ASSIGNMENT: Hand specimen study of the various 
specimens available of the framework silicates. Consult 
the listing of highly diagnostic physical properties that 
follows, as well as determinative tables and mineral 
descriptions in the textbook. 

(subsiliceous) in which feldspathoids (e.g., 
nepheline or leucite) occur; in other words, if 

nepheline or leucite is recognized in the 
rock, quartz cannot be present. 

Microcrystalline varieties (fibrous): Chalcedony is the 

general term for fibrous, very fine grained 

quartz 

carnelian-a red-brown chalcedony 

chrysoprase-an apple-green chalcedony 

onyx-a layered chalcedony with parallel 

layers 

agate-various layers of chalcedony with 

different colors 

silicified wood-wood that has been replaced 

by clouded agate 

Microcrystalline varieties (granular): chertlight-colored 
bedded deposits of very fine grained quartz 

flint-dark-colored siliceous nodules as are 
common in chalk beds; there is no sharp 

distinction between chert and flint 

jasper-very fine grained quartz colored red 

by traces of hematite 



324 &EXERCISE 24 

CRISTOBALITE 

Crystal form: Small octahedrons in small cavities in lavas. 

H: 65 

G: 2.32 

Color: Colorless 

Occurrence: Occurs as linings of spherical aggregates in 
small cavities of siliceous lavas; present also 

in the matrix of such rocks, but can be 
identified with certainty only in a thin section 

under a microscope. 

OPAL 

Crystal form: Generally amorphous; often botryoidal and 
stalactitic, massive. 

H: 5-6 (less than quartz) 

Luster: Vitreous, somewhat resinous 

Color: Colorless, white, pale shades of yellow, 

green, gray, red, and blue. Brilliant play of 

color in precious opal. 

Occurrence: Deposited from meteoric waters or by hot 
springs and as such may be found as 

linings in cavities. 

Varieties: | common opakmilky white and other colors 
without internal reflections 

precious opaborilliant internal play of colors 

hyalite-clear and colorless opal with a 

globular or botryoidal surface 

geyserite or siliceous sinter-deposited from 
hot springs, as in Yellowstone National Park 

wood opatsilicified fossil wood with opal as 

the petrifying material 

diatomite-very fine grained, resembling 
chalk in appearance. The result of accumu- 

lation on the seafloor of siliceous tests of 

diatoms. 

Feldspars: Microcline, Orthoclase, and Sanidine 

The three polymorphs of KAISi,O,, microcline, ortho- 
clase, and sanidine, all have essentially the same 

composition, but they have subtly different atomic struc- 
tures as a function of their temperature of crystallization. 

Microcline is the lowest-temperature form with triclinic 

symmetry; orthoclase is a medium-temperature form, 

with monoclinic symmetry; and sanidine is the high- 

temperature form, also with monoclinic symmetry. Mi- 
crocline and orthoclase are common in plutonic igneous 
rocks and in metamorphic assemblages, as well as in 
sedimentary rocks. Sanidine is restricted in occurrence 
to high-temperature extrusive rocks. All three polymor- 
phs have similar hardness (H = 6), perfect {001} and 
good {010} cleavage (at approximately right angles to 
each other), and G ranging from 2.54 to 2.62. 

MICROCLINE 

Crystal form: —Triclinic, usually short prismatic, frequently 

twinned according to Carlsbad law. 

Common in coarse, cleavable masses. 

Crystals and cleavage identical to those of 

orthoclase. 

{001} perfect, {010} good at 89°30' to each 

other 

White to pale yellow. Green variety known as 

amazonstone. 

Common constituent of granites and 

syenites that have cooled slowly; in sedi- 

mentary sandstone, arkose, and conglomer- 

ate and in metamorphic gneiss. Large crys- 

tals and cleavage masses in pegmatites. 

Cannot be distinguished from orthoclase in 

hand specimen. However, if the feldspar is 

deep green or contains abundant perthite 

lamallae, it is likely to be microcline. 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

ORTHOCLASE 

Color: Colorless, white, gray and flesh red (owing 

to traces of hematite). 

Major constituent of granites, granodiorites, 
and syenites that cooled at reasonably fast 

rates. 

Lack of striations (representing albite twin la- 

mallae) on the cleavage faces distinguishes 

it from members of the plagioclase feldspar 

series. 

Occurrence: 

Remarks: 

SANIDINE 

Sanidine can be positively identified only by optical and 

X-ray techniques. However, colorless to white mono- 

clinic phenocrysts in extrusive igneous rocks such as 

rhyolites are characteristically sanidine. Sanidine, being 

the high-temperature polymorph of KAISi,O,, is charac- 
teristic of extrusive igneous rocks that cooled quickly 
from an initial high temperature of eruption. 

THE PLAGIOCLASE FELDSPAR SERIES: 
ALBITE TO ANORTHITE 

Crystal form: Distinct crystals are rare. Usually in twinned, 

cleavable masses and as irregular grains in 
igneous rocks. 

Polysynthetic albite twinning is the diagnos- 
tic property in this series. The {001} crystal 
face or cleavage direction will show finely 
spaced parallel groovings or striations. The 
Striations are commonly very finely spaced, 
so that a hand lens or binocular microscope 
should be used to identify them. Albite 
twinning occurs in all members of the pla- 
gioclase series. 

Twinning: 
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Cleavage: 

H: 

Color: 

Occurrence: 

Varieties: 

{001} perfect and {010} good, at about 86° 
to each other 

6 

From colorless to white to light and dark 
gray. A general darkening occurs in 

specimens that become more anorthite-rich; 
although albite is commonly white, more An- 
rich members are generally various shades 
of gray. Good play of colors is diagnostic of 
labradorite and andesine. 

As a major rock-forming mineral group, 
plagioclase feldspars are even more 
common than potash feldspar. They occur 

in igneous, metamorphic, and more rarely 

sedimentary rocks. 

The classification of igneous rocks is based 

largely on the kind and amount of feldspar 
present. As a result, the greater the percent- 

age of SiO, in a rock, the fewer the dark 
minerals, the greater the amount of potash 

feldspar, and the more sodic the plagio- 
clase; and conversely, the lower the 

percentage of SiO, the greater the percent- 
age of dark minerals and the more calcic the 
plagioclase. 

Members of the series are defined in terms 

of their anorthite (An) content: a/bite (An 

oligociase (An, 3,), andesine (An, «,): 

labradorite (An,, 75), bytownite (An 

and anorthite (Ango_ 499) 

Moonstone is a variety of albite and oli- 
goclase that shows an opalescent play of 

colors 

0-10) 

70-90)! 

Feldspathoids 

As the name implies, feldspathoids are chemically and 

structurally closely related to the feldspars. Feldspa- 

thoids tend to form from igneous melts that are rich in 

,alkalis (Na and K) and poor in SiO,. Feldspathoids 

contain only about two-thirds as much silica as alkali 

feldspar. They generally show much less well-devel- 

oped cleavage than the feldspars do. They have a hard- 

ness that ranges from 5 5 to 6, and leucite and nepheline 

have light colors. 

LEUCITE 

Crystal form: 

G: 

Luster: 

Color: 

Occurrence: 

Usually in trapezohedral crystals embedded 

in a fine-grained matrix of silica-poor lavas. 

2.47 (considerably lower than that of quartz 
or feldspar) 

Vitreous to dull; translucent 

White to gray 

Abundant as phenocrysts in the fine-grained 

Remarks: 

NEPHELINE 

Crystal form: 

Cleavage: 

G: 

Luster: 

Occurrence: 

Remarks: 

SODALITE 

Crystal form: 

Cleavage: 

H: 

G: 

Luster: 

Color: 

Occurrence: 

Remarks: 

LAZURITE 

Crystal form: 

Cleavage: 

H: 

G: 

Luster: 

Color: 

Occurrence: 

matrix of some recent silica-deficient lava 

flows. 

If quartz has been identified in the rock, 

there cannot be leucite, and vice versa. 

Feldspathoids are found only in SiO,-poor 

rocks, that is, without quartz. 

Rarely in crystals; generally massive, 
compact, or as embedded grains. 

{1010} distinct 

2.60-2.65 

Vitreous in clear material; greasy in the 
massive variety. 

A rock-forming mineral in SiO,-deficient 
intrusive and extrusive igneous rocks. 

If you have positively identified quartz as 
part of the assemblage, there cannot be any 
nepheline, and vice versa. It is distinguished 

from quartz by the lower hardness and from 
plagioclase by the lack of albite twins. 

Most commonly massive; crystals rare. 

{011} poor 

55-6 

2.15-2.3 

Vitreous 

Usually blue, but also white and gray, or 

green. Translucent. 

Associated with nepheline and other 
feldspathoids in nepheline syenite, trachyte, 

and phonolite. 

Usually recognized by its blue color. 
Because of the common association of 

nepheline and sodalite, as soon as you see 
this distinctly blue mineral, look for nephe- 

line and realize that you are dealing with an 
SiO,-deficient assemblage. Therefore quartz 

cannot be present. 

Usually massive or in foliated cleavable 

masses. 

{011} imperfect 

5-53 
2.4-2.45 

Vitreous, translucent 

Deep azure blue, greenish blue 

A rare mineral occurring usually in crystal- 
line limestone as a product of contact 
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metamorphism. Lapis lazuli is a mixture of 

lazurite, with small amounts of calcite, 
pyroxene, and other silicates, and com- 

monly some pyrite. 

The blue color and association with pyrite is 

characteristic. 
Remarks: 

SCAPOLITE 

Crystal form: Commonly as coarse prismatic crystals with 

a faint fibrous appearance. 

Cleavage: {100} and {110} imperfect but distinct 

H: 5-6 

G: 2.55-2.74 

Luster: Vitreous when fresh 

Color: White, gray, pale green; transparent to 
translucent. 

Occurrence: Common in crystalline schists, gneisses, 
amphibolites, and granulite facies metamor- 
phic rocks. Also in crystalline limestones as 
a product of contact metamorphism. Com- 

mon associations: diopside, garnet, apatite, 

and amphibole. 

Remarks: Characterized by crystals with a square 
cross section and four cleavage directions 
at 45°. When massive, resembles feldspar 

but has a characteristic fibrous appearance 

on the cleavage surfaces. 

ANALCIME 

Crystal form: Usually in trapezohedral crystals or in 
combinations of cubes and trapezohedral 

truncations. Also massive. 

H: 5-53 

GHaeeies 

Color: Colorless to white; transparent to translu- 

cent. 

Occurrence: A primary mineral in some igneous rocks 

and also the product of hydrothermal action 
in the filling of cavities in basaltic flows. 
Examples are analcime basalts and as a 

lining of vesicles in association with calcite 
and Zeolites. 

Remarks: Usually recognized by free-growing crystals 

and vitreous luster. Crystals may resemble 
leucite, but remember that leucite crystals 
are always embedded in the rock matrix. 

Zeolites 

The zeolites constitute a large group of hydrous frame- 
work silicates in which the tetrahedral (SiO, and AlO,) 
linkages are much more open than those of feldspars 
and feldspathoids. These openings, commonly forming 

interconnecting spaces and channels, house variable 

amounts of H,O. Because of these structural features, all 

zeolites have a hardness that is considerably less than 

that of quartz and feldspar (common H ranges from 32 

to 5) and S.G. values that are relatively low as well (G 

ranging from 2.05 to 2.25). 

NATROLITE 

Crystal form: Usually in radiating groups of acicular, 

vertically striated crystals. Also fibrous, 

massive, granular, and compact. 

Cleavage: {110} perfect 

H: 5-55 

G: 2.25 (low compared with quartz and 

feldspar) 

Color: Colorless to white; transparent to translu- 

cent. 

Occurrence: Characteristically found lining cavities in 

basaltic rocks associated with other zeolites 

and calcite. 

CHABAZITE 

Crystal form: Usually in rhombohedral crystals. 

Cleavage: Rhombohedral {1011} poor 

H: 4-5 

G: 2.05-2.15 (low as compared with quartz and 
feldspar) 

Luster: Vitreous 

Color: White, pink, red; transparent to translucent. 

Occurrence: Usually in association with other zeolites, 

lining cavities in basalts. 

Remarks: Generally recognized by rhombohedral 
crystals, and distinguished from calcite by 

its poorer cleavage and lack of efferves- 
cence in HCl. 

STILBITE 

Crystal form: Usually in crystals that are tabular parallel to 
{010} or in sheaflike aggregates. 

Cleavage: {010} perfect 

H: 35-4 

G: 2.1-2.2 (low as compared with quartz and 
feldspar) 

Luster: Vitreous; pearly on {010}. 

Color: White, rarely yellow, brown, or red; translu- 
cent. 

Occurrence: Associated with other zeolites in cavities in 
basaltic rocks. 

Remarks: Characterized chiefly by its cleavage, pearly 
luster on cleavage faces, and common 
sheaflike groups of crystals. 
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ROCK-FORMING SILICATES: COMMON CHAIN SILICATES 

AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of some of the most diagnostic physical 
properties and common occurrences of chain silicates. 

BACKGROUND INFORMATION: The study of hand 
specimens of minerals continues with the chain silicate 
group because this group includes the very common 
mineral groups known as pyroxenes and amphiboles, as 
well as pyroxenoids. Associations of quartz and feldspar 
and pyroxenes and amphiboles are very common in 
many rock types. The chain silicates are also known as 
the inosilicates, from the Greek root inos, meaning thread 

or fiber. 
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DIAGNOSTIC ASPECTS OF MINERALS 
BELONGING TO THE CHAIN SILICATE GROUP 

Pyroxenes 

Because the internal structures of members of the pyrox- 

ene group, of the pyroxenoid group, and of the amphi- 

bole group are based on the presence of infinitely ex- 

tending chains, all three major groups share some 

Common characteristics, such as prismatic cleavage, 

hardness, and luster. For pyroxenes, if they do not occur 

in euhedral crystals, the prismatic cleavage angles of 

about 92° to 93° and 87° to 88° are the most diagnostic 

property. In other words, these prismatic cleavages 

(such as {210} and {110}) show approximately rectangu- 

lar intersections. (It is commonly necessary to use a 

hand lens or a binocular microscope to observe the 

cleavage directions and to estimate the angles between 

them.) Although there is generally some elongation 

along the caxis in pyroxene crystals and cleavage frag- 

ments, the elongation is not highly pronounced; indeed, 

crystals and cleavage fragments tend to be stubby 

(instead of elongate or even fibrous as in the amphi- 

boles). The average hardness of pyroxenes ranges from 

about 5 to 6. Specific gravity shows a considerable 

Copyright John Wiley & Sons, Inc. 

MATERIALS 

Representative collections of members of the chain sili- 
cates, which include, among the pyroxenes, enstatite, 

ferrosilite, pigeonite, diopside, hedenbergite, augite, 

jadeite, aegirine, and spodumene; among the pyrox- 

enoids, wollastonite, rhodonite, and pectolite; and among 

the amphiboles, anthophyllite, cummingtonite and 
grunerite, tremolite, actinolite, hornblende, glaucophane, 

and riebeckite. Basic testing tools for hardness, specific 
gravity, and streak as well as a hand lens, a binocular 
microscope, or both are needed. Index cards or a note- 

book must be available for abstracting the most impor- 
tant data for each mineral (see Fig. 24.1). 

ASSIGNMENT: Hand specimen study of the various 
specimens available of the chain silicates. Consult the 
listing of highly diagnostic physical properties that fol- 
lows, as well as determinative tables and mineral de- 

scriptions in the textbook. 

range, because of the extensive solid solution, from 

about 3.2 to 3.6. 

ENSTATITE—FERROSILITE (ORTHOPYROXENE SERIES) 

Crystal form and cleavage: Most commonly massive, 

showing typical pyroxene (about 90°) cleav- 

ages identified as {210}. 

Light beige in enstatite; somewhat darker 

brown with a submetallic, bronzelike luster in 

hypersthene. The common brownish and 

olive-green colors intensify with increasing 

Fe content of members of this series. 

Orthopyroxenes are common constituents of 

mafic igneous types such as gabbros, 

peridotites, norites, and basalts. They are 

also present in pyroxenites and in metamor- 

phic rocks that have originated at high 

temperature and pressure, such as granulite 

facies rocks. Commonly found in coexis- 

tence with clinopyroxenes in all the forego- 

ing rock types. Also present in iron and 

stony meteorites. 

In hand specimen it is generally impossible 

to distinguish the various species within the 

orthopyroxene series. Darker color com- 

O27 

Color: 

Occurrence: 

Remarks: 
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PIGEONITE 

Remarks: 

monly indicates higher Fe content. If a 
greenish pyroxene coexists with an orthopy- 
roxene, it is most likely diopside or augite. 

A monoclinic pyroxene that is close to the 
compositional range of the orthopyroxenes, 
but somewhat more calcic in composition. 

Only careful optical or X-ray techniques will 
allow its identification. It is common in high- 

temperature, rapidly cooled lavas. 

DIOPSIDE-HEDENBERGITE AND AUGITE 
(CLINOPYROXENE SERIES) 
Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

JADEITE 

Remarks: 

AEGIRINE 

Crystal form: 

Color: 

Occurrence: 

In prismatic, monoclinic crystals with square 

or eight-sided cross sections. 

Typical pyroxene cleavage of about 90° for 
{110}. 

White to light green for essentially pure end- 

member diopside (CaMgSi,O,); darker 

green varieties reflect increasing Fe content. 
Augite is commonly very dark green to 
black. 

Diopside and hedenbergite are common in 
metamorphosed Ca-rich rocks, such as 

metamorphosed siliceous limestones and 

dolomites. Both can also be part of igneous 

assemblages. Augite is the most common 
pyroxene and may be a major constituent of 

dark-colored igneous rocks such as basaltic 
lavas and plutonic gabbros. 

If the pyroxene is white or light green and is 
part of a calcite-rich metamorphic assem- 

blage, it is probably close to diopside in 
composition. A green pyroxene (commonly 

in coexistence with an orthopyroxene) in 

igneous rocks tends toward hedenbergite or 
augite. Very dark to black pyroxenes are 
augite. 

Rarely in crystals. Usually in granular, com- 
pact, or massive apple-green to emerald- 

green aggregates. May also be white with 

irregular spots of green. Some aggregates 

show fibrous texture. Jadeite is one of the 

main constituents of the ornamental stone 

known as jade. 

Slender prismatic; often in fibrous aggre- 
gates. 

Brown to green 

Most commonly found in rocks rich in Na 

Remarks: 

SPODUMENE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

Pyroxenoids 

and poor in SiO, such as nepheline syenite. 

Slender prismatic crystal habit, brown to 

green color, and mineral associations in 

SiO,-poor rocks are diagnostic. 

Prismatic crystals commonly deeply striated 

vertically. Often in coarse crystals and 

cleavable masses. 

Perfect {110} cleavage at about 90° and 
well-developed parting on {100}. 

White, gray, pink, yellow, and green. 

A major constituent of Li-rich pegmatites; 
therefore commonly in coarse cleavable 

masses. 

The commonly coarse size of its grains, light 
color (white through pink and gray), and 
good cleavage (as well as parting) are char- 

acteristic. Association with other Li-rich min- 
erals such as lepidolite (pink Li-mica) Is 

highly diagnostic. 

The pyroxenoid minerals, like those of the pyroxene 

group, are based on the architecture of infinitely extend- 

ing SiO, chains. However, the chains in pyroxenoids 

have a much lower symmetry than those of pyroxenes. 

As a result, they are triclinic, instead of monoclinic or 

orthorhombic as are the pyroxenes. 

WOLLASTONITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

RHODONITE 

Crystal form: 

Commonly massive, cleavable to fibrous. 
Rarely in tabular, triclinic crystals with either 
{001} or {100} prominent. 

{100} and {001} perfect, at 84° angles; {101} 
good. 

5-55 

2.8-2.9 

Colorless, white, or gray. Luster vitreous, 
pearly on cleavage surfaces. 

Chiefly a contact-metamorphosed mineral in 
crystalline limestones and marbles. There- 
fore, in association with calcite, tremolite, di- 

opside, and so on. 

Resembles tremolite but distinguished from 
it by the 84° cleavage angle. Decomposed 
by HCl without effervescence. 

Triclinic crystals commonly tabular or 
parallel to {001}. Generally massive, 
cleavable to compact. 
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Cleavage: {110} and {110} perfect at 90° to each other. 

H: 53-6 

G: 3.43.7 

Color: Rose red, pink to brown; frequently with a 
black exterior owing to manganese oxide. 

Occurrence: Common in metamorphosed Mn-rich 
deposits and assemblages, resulting in as- 
semblages with rhodochrosite, spessartine 
garnet, and black manganese oxides. 

Remarks: Characterized by its pink color and near 90° 
cleavages. Distinguished from rhodochrosite 
by greater hardness and insolubility in HCI. 

PECTOLITE 

Crystal form: Usually in aggregates of acicular crystals; 
radiating with a fibrous appearance. Also in 
compact masses. 

Cleavage: {001} and {100} perfect 

ine ae 

G: About 2.8 

Color: Colorless, white to gray. Luster vitreous to 
silky. 

Occurrence: Most commonly as linings in basalt cavities, 
in association with various zeolites. 

Remarks: Characterized by two directions of perfect 
cleavage, yielding sharp, acicular frag- 
ments, which will puncture the skin if not 

handled carefully. May resemble wollas- 
tonite. 

Amphiboles 

The atomic structures of the amphibole group minerals 
are based on the packing of infinitely extending chains 
(as in pyroxenes) that are twice the width of those in 

pyroxene structures. The amphibole chains are, there- 

fore, Known as “double chains,” and because of their 
doubled width (over the chains in pyroxenes), the excel- 

lent cleavage around the chains shows distinctly differ- 

ent angles from those of the pyroxenes. The excellent 
prismatic cleavage (in orthoamphiboles described as 

{210} and in clinoamphiboles described as {110}) re- 
sults in angles of about 56° and 124° (as compared with 

approximately right-angle cleavage in pyroxenes). It is 
commonly necessary to use a hand lens or a binocular 

microscope to observe the cleavage directions and to 

estimate the angles between them. In addition to these 
highly diagnostic cleavage angles, you will find that the 

general habit of amphiboles is more elongate (at times, 

bladed or even fibrous) than that of the more stubby 

pyroxenes. All amphiboles have a hardness somewhere 

between H =5 and6, thus overlapping with the hardness 

of pyroxenes. The specific gravity of the amphibole 
group ranges from 2.85 to 3.6 as aresult of the extensive 

chemical substitutions in the group. 

ANTHOPHYLLITE 

Crystal form: Rarely in distinct crystals. Commonly 
lamellar or fibrous. 

Gray, beige, and clove brown; also some 
shades of greenish brown. 

A metamorphic mineral in Mg-rich rocks 
such as ultrabasic igneous rocks and 
impure dolomitic shales. May be associated 
with cordierite in gneisses and schists. 

Clove-brown color and fibrous to lamellar 

habit are the most diagnostic properties. 

Cannot be distinguished with certainty from 
Cummingtonite or grunerite without optical or 
X-ray tests. 

Color: 

Occurrence: 

Remarks: 

CUMMINGTONITE—GRUNERITE 

Rarely in distinct crystals. Commonly fibrous 
or lamellar, often radiated. The rare abesti- 
form variety is known as amosite. 

Various shades of light to dark brown. 

Cummingtonite (the more magnesian 
member of this clinoamphibole series) is 

common in regionally metamorphosed rocks 
such as amphibolites. Commonly coexists 
with a greenish amphibole which may be 
actinolite or hornblende. Grunerite (the more 

Fe-rich member of this series) is the most 

common in metamorphosed iron-formation 

assemblages, in association with, for 
example, magnetite. 

Light brown color, fibrous and radiating 
habits are most diagnostic. Both cumming- 
tonite and grunerite may be difficult to distin- 

guish from anthophyllite without optical or X- 

ray tests. The coexistence with magnetite in 
metamorphosed iron-formations is highly 
diagnostic of grunerite. 

Crystal form: 

Color: 

Occurrence: 

Remarks: 

TREMOLITE-ACTINOLITE—FERROACTINOLITE 
AND HORNBLENDE 

The Ca-rich clinoamphiboles tremolite, actinolite, and 

ferroactinolite are all part of the Ca-Mg-Fe series. Tre- 

molite is the essentially Fe-free end-member, actinolite 

generally contains several weight percent FeO, and fer- 
roactinolite is the Ca-Fe end-member. Increasing col- 

oration in this series (from white in tremolite, through light 
green in actinolite, to dark green in ferroactinolite) is a 
function of increasing Fe content. Hornblende is the 
most common Ca-rich clinoamphibole, with additional 

Al as well as alkali atoms in its structure. Hornblende is 
commonly very dark green to black. 



330 EXERCISE 25 

TREMOLITE 

Crystal form: 

Color: 

Occurrence: 

ACTINOLITE 

Crystal form: 

Color: 

Occurrence: 

HORNBLENDE 

Crystal form: 

Color: 

Occurrence: 

Prismatic crystals uncommon. Commonly 
bladed and in radiating columnar aggre- 
gates. 

White to greenish white 

Common in metamorphosed dolomitic 
limestones. May be associated with diop- 
side. May be asbestiform. 

Commonly in columnar aggregates 

Various shades of light to dark green 

A common mineral in greenschists facies 
metamorphic rocks. 

Prismatic, monoclinic crystals; also in 
massive coarse- to fine-grained aggregates. 

Various shades of dark green to black 

Hornblende is the most common species of 
amphibole, occurring as a major constituent 

in both igneous and metamorphic rocks. It is 
particularly characteristic of medium- 
grained metamorphic rocks known as 
amphibolites. May occur as a medium- 

temperature reaction rim to higher tempera- 
ture augite both in igneous and metamor- 
phic assemblages. 

Remarks: 

GLAUCOPHANE 

Crystal form: 

Color: 

Occurrence: 

RIEBECKITE 

Crystal form: 

Color: 

Occurrence: 

Any of the medium to dark green to black 

amphiboles are easily distinguished from 

similar pyroxenes by the typical amphibole 

cleavage angles. 

May be in slender acicular crystals; most 

commonly aggregated. 

Blue to lavender blue 

In metamorphic rocks such as schists, 

eclogite, and marble. May be associated 
with jadeite. A major constituent of glauco- 

phane schists in the Franciscan Formation 

of California. 

Slender acicular crystals and aggregated. 
The asbestiform variety is known as croci- 
dolite. 

Blue to dark blue, and blue-black 

The nonasbestiform variety of riebeckite is a 
common accessory mineral in igneous 

rocks, such as granites, syenites, nepheline 
syenites, and pegmatites. Crocidolite, the 
asbestiform variety, is mainly restricted to 
sedimentary iron-formations in South Africa 
and Western Australia; here in association 
with chert, magnetite, and hematite. 



EXERCISE 26 

ROCK-FORMING SILICATES: COMMON LAYER SILICATES 

AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of some of the most diagnostic physical 
properties and common occurrences of layer silicates. 

BACKGROUND INFORMATION: The study of hand 
specimens of minerals continues with the layer silicate 
group, which includes the very common mineral groups 
known as the serpentines, the clays, the micas, and the 

chlorites. Any of these layer silicates can be major con- 
stituents of various rock types or accessory minerals ina 
wide range of associations. The layer silicates are also 
known as the phyllosilicates, from the Greek word phyl- 
lon, meaning leaf. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 498-524. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 320-334. 

DIAGNOSTIC ASPECTS OF MINERALS 
BELONGING TO THE LAYER SILICATE GROUP 

The atomic structure of the layer silicates is based on 

infinitely extending sheets of SiO, and AIO, tetrahedra. 
The flat nature of these layers is responsible for the most 

diagnostic properties of this mineral group, namely their 

flaky or platy habit and pronounced planar cleavage. 

They are generally soft, are of relatively low specific 

gravity, and may show flexibility or even elasticity of the 

cleavage lamellae. 

Serpentine Minerals: Antigorite and Chrysotile 

Both antigorite and chrysotile, polymorphs of 

Mg,si,0,(OH),, have a range of hardness, H = 3to5, but 

usually 4, and they are commonly intergrown with each 

other in hand specimens. Antigorite is commonly mas- 

sive and fine-grained, whereas chrysotile is fibrous. 

Both range in color from light to darker green. 

ANTIGORITE 

Crystal form: Massive, fine-grained 

Luster: Greasy, waxlike in massive varieties 

Color: Often variegated, showing mottling of lighter 

and darker shades of green. Translucent. 

Copyright John Wiley & Sons, Inc. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 420-441. 

MATERIALS 

Representative collections of members of the layer sili- 
cates, which include, among the serpentines, antigorite 
and chrysotile; among the clay mineral group, kaolinite; 

talc; among the micas, muscovite, phlogopite, biotite, 
and lepidolite; chlorite, apophyllite, prehnite, and chryso- 
colla. Basic tools for testing hardness, specific gravity, 
and streak as well asa hand lens, a binocular microscope, 

or both are needed. Index cards or a notebook must be 
available for abstracting the most important data for 
each mineral (see Fig. 24.1). 

ASSIGNMENT: Hand specimen study of the available 
specimens of various layer silicates. Consult the listing of 
highly diagnostic physical properties that follows, as 
well as the determinative tables and mineral descrip- 
tions in the textbook. 

Occurrence: Most common as an alteration product of 

magnesium-rich silicates, such as olivine, 

pyroxene, and amphibole. The rock known 

as serpentine commonly has antigorite as its 

major constituent. 

CHRYSOTILE 

Crystal form: Fibrous variety of antigorite 

Luster: Silky owing to its fibrous habit 

Color: Light green to almost white 

Occurrence: Most commonly intergrown with antigorite 

Remarks: This fibrous variety is the most common 

asbestos mineral. The characteristic mor- 
phology of all asbestos minerals, in their 

natural form, is a parallel-sided fiber with a 

length-to-diameter ratio of three or greater. 

Clay Minerals 

Clay is a rock term, and like most rocks clay is made up 

of anumber of different minerals in varying proportions; 

these are clay minerals as well as additional, very fine 

grained feldspar, quartz, mica, and so on. The term clay 
implies a very fine grain size and, indeed, all clay miner- 

als are so fine-grained that it is impossible to see grain 

sizes with the naked eye, or even with a hand lens or 
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binocular microscope. The hardness and specific grav- 

ity of clay minerals are low. 

KAOLINITE 

Crystal form: | Usually in compact or friable masses of very 

fine grain size. 

Cleavage: Basal {001} perfect 

nee 2 

G: 26 

Luster: Usually dull and earthy; may have a soapy 

feel. 

White, but often variously colored by impuri- 
ties such as iron, giving it a brownish or 
reddish color. 

Kaolinite is commonly the main constituent 
of kaolin or clay. A major component of soils. 
When pure and present in mineable quanti- 
ties, itis referred to as china clay or kaolin. 

Usually recognized by its very fine grain 
size, low degree of hardness, and claylike 
character. Only X-ray tests will distinguish it 
from other clay minerals such as montmoril- 
lonite or illite. 

Color: 

Occurrence: 

Remarks: 

TALC 

Crystal form: Usually foliated and in radiating foliated 
groups. When compact and massive, known 

as soapstone. 

Basal {001} perfect. Thin folia somewhat 
flexible but not elastic. 

H: 1; sectile. Will leave a mark on cloth. Greasy 
feel. 

Cleavage: 

Luster: 

Color: 

Pearly to greasy 

Apple green, gray, white, or silver white. In 
soapstone often dark gray or green. 

Translucent. 

A secondary mineral resulting from the 
alteration of Mg-rich silicates such as olivine, 
pyroxenes, and amphiboles. Characteristi- 

cally part of low-grade metamorphic rock 
types, such as talc schists. 

Characterized by its foliated habit, cleavage, 
softness, and greasy feel. Cannot be dis- 
tinguished in hand specimen from pyrophyl- 
lite. 

Occurrence: 

Remarks: 

Micas 

Crystals of the mica group minerals are usually tabular 
with prominent basal planes. Crystals as well as granular 

intergrowths are characterized by perfect {001}, basal 

cleavage. The three most common varieties of mica, 
muscovite, phlogopite, and biotite, are distinguished 
from one another on the basis of their color. Muscovite is 

generally colorless; phlogopite has a bronzelike, 

brownish color; biotite is very dark green to black. 

MUSCOVITE 

Crystal form: Distinct crystals rare; usually with prominent 

{001}. Generally foliated in large to small 

sheets. May be in scales that are aggre- 

gated into plumose or globular forms. Also 

very fine grained and massive. 

Basal {001} perfect, allowing the mineral to 

split into very thin sheets. Folia flexible and 

elastic. 

H: 2-25 

Color: Colorless and transparent in thin sheets. In 

thicker blocks translucent, with light shades 
of yellow, brown, green, red. Luster vitreous 
to silky or pearly. 

Common in granites and granite pegmatites. 

Also a major constituent of metamorphic 
rocks such as mica schists, and common in 
chlorite-muscovite-feldspar schists. When 

present as fibrous aggregates of minute 
scales with a silky luster, known as sericite. 

Characterized by its highly perfect cleavage 

and light color. 

Cleavage: 

Occurrence: 

Remarks: 

PHLOGOPITE 

All properties, except for color, like those of muscovite. 

Color: Yellowish to bronze brown, green, white, 

often with copperlike reflections from 

cleavage surfaces. Transparent in thin 

sheets. Luster vitreous to pearly. 

A common constituent of metamorphosed 

Mg-rich limestones, dolomites, and ultrama- 
fic rocks. Also found in kimberlites. 

The yellowish-brown color distinguishes it 
from muscovite and biotite. 

Occurrence: 

Remarks: 

BIOTITE 

All properties, except for color, are like those of musco- 
vite and phlogopite. 

Color: Usually dark green, brown to black. Thin 
sheets usually have a smoky color, whereas 
those of muscovite are almost colorless. 
Splendent luster. 

Occurrence: Acommon constituent of many rock types. 
In igneous rocks such as granite, diorite, 

gabbro, peridotite, and granite pegmatite; 
also in lavas. In metamorphic rocks such as 
biotite schists and feldspar—garnet-biotite 
gneisses. As an accessory mineral in detrital 
sedimentary rocks such as arenites and 
greywackes. 



Remarks: 

LEPIDOLITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

CHLORITE 

ROCK-FORMING SILICATES: COMMON LAYER SILICATES AND THEIR PHYSICAL PROPERTIES 

Distinguished from muscovite and phlo- 
gopite by its dark, often black, color 

Crystals may be small plates or prisms with 
hexagonal outline. Commonly in coarse- to 
fine-grained scaly aggregates. 

Characteristic, perfect {001} mica cleavage 

Pink and lilac to grayish white. Luster pearly. 

Lepidolite is a comparatively rare mineral, 
found in pegmatites, usually associated with 
other Li-bearing minerals such as pink and 
green tourmaline, amblygonite, and spodu- 
mene. 

Its most obvious characteristics are the 

typical micaceous cleavage and lilac to pink 

color. 

A number of species belong to the chlorite group, all of 

which have similar chemical, crystallographic, and 
physical properties. Without quantitative chemical analy- 

sis or careful study of the optical and X-ray properties, it 

is impossible to distinguish between these species. The 
following description is for the most common type of 

chlorite. 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

APOPHYLLITE 

Crystal form: 

Crystals not common; when they occur they 
are similar in habit to mica crystals. Usually 
foliated, massive, or in aggregates of minute 
scales. Also in finely dissiminated particles. 

{001} perfect. Folia flexible but not elastic. 

2-2 

2.6-3.3 

Green of various shades is most common. 

Rarely yellow, white, or rose red. ‘Transpar- 

ent to translucent. 

Chlorite, a common mineral in metamorphic 

rocks, is the diagnostic mineral of the 
greenschist facies. It is a common constitu- 

ent of pelitic (aluminous) schists and occurs 

in association with actinolite and epidote. It 

is also acommon constituent of igneous 
rocks, where it has formed as an alteration 

product (often as rims or “coronas”) about 

Mg-Fe silicates such as pyroxenes, amphi- 

boles, biotite, and garnet. 

Characterized by its green color, by its 
micaceous habit and cleavage, and by the 
fact that the folia are not elastic. 

In tetragonal crystals with prisms, pyramids, 

and pinacoid. Sometimes resembling 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

PREHNITE 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 
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isometric crystals but differences in the 
lusters of the prism faces and of the basal 
pinacoid show the crystals to be tetragonal. 

{001} perfect 

45-5 
2.3-2.4 

Colorless, white, or grayish; may show pale 
shades of green, yellow, rose. Luster of 
base pearly, other faces vitreous. Translu- 
cent to transparent. 

Occurs as a secondary mineral lining 
cavities in basalt and related rocks, associ- 

ated with zeolites, calcite, and pectolite. 

Usually recognized by its crystals, color, 
luster, and basal cleavage. 

Distinct crystals rare. Usually reniform, or 
stalactitic, and in rounded groups of tabular 
crystals. 

6-63 

2.8-2.95 

Usually light green, passing into white. 
Translucent. 

Occurs as a secondary mineral lining 
cavities in basalt and related rocks. Associ- 
ated with zeolites, pectolite, and calcite. 

Characterized by its green color and 
crystalline aggregates forming reniform 
surfaces. Resembles hemimorphite but is of 

lower specific gravity. 

CHRYSOCOLLA 

Crystal form: 

H: 

G: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

Massive, compact, and in some cases 

earthy. Individual specimens inhomogene- 

ous. 

Highly variable between 2 and 4 

2-2.4 

None, conchoidal fracture 

Green to greenish blue; brown to black 

when impure. Luster vitreous to earthy. 

In oxidized zones of copper deposits and 

may be associated with malachite, azurite, 

cuprite, or native copper. 

Characterized by its green to blue color and 
conchoidal fracture. Distinguished from 
turquoise by inferior hardness. 



EXERCISE 27 

ROCK-FORMING SILICATES: COMMON SILICATES WHOSE 

STRUCTURES CONTAIN INDEPENDENT TETRAHEDRA, 

DOUBLE TETRAHEDRA, OR TETRAHEDRAL RINGS, 

AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of the most diagnostic physical properties 
and common occurrence of several rock-forming silicate 
groups: (1) those with independent tetrahedra in their 
atomic structures, (2) those with double tetrahedra, and 

(3) those with ring structures. 

BACKGROUND INFORMATION: The study of hand 
specimens of minerals continues with silicates having 
independent tetrahedra, known as nesosilicates, from 

the Greek word nesos, meaning island; with those with 

double tetrahedra, knownas sorosilicates, from the Greek 

word soros, meaning group; and those with rings of 
tetrahedra, knownas cyclosilicates, from the Greek word 

kyklos, meaning circle. These structural groups include 
several major mineral groups, among them the olivines, 
garnets, epidote, and the aluminosilicates sillimanite, kyanite, 
and andalusite. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 444-474. 

Zoltai, T., and Stout, J. J., 1984, Mineralogy, Macmillan, New 

York, 353-372. 

OLIVINE 

Crystal form: Usually occurs as embedded grains or 
granular masses. 

Cleavage: None, conchoidal fracture 

Hs) 65-7 ' 

G: 3.27-4.37, increasing as a function of Fe 

content. 

Pale yellow-green to green in Mg-rich 
varieties such as forsterite; becomes darker 

brownish green with increasing Fe content 
(toward fayalite). Luster vitreous. Transpar- 
ent to translucent. Gem quality material 
known as peridot. 

A common mineral that may be the chief 

constituent of a rock, as in dunite. Occurs in 
dark-colored igneous rocks such as gabbro, 
peridotite, and basalt. 

Distinguished by its glassy luster, con- 
choidal fracture, green color, and granular 

Color: 

Occurrence: 

Remarks: 
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Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 462-491. 

MATERIALS 

Representative collections of the nesosilicates, which 
include olivine, garnet, zircon, andalusite, sillimanite, 

kyanite, staurolite, topaz, datolite, titanite, and chlori- 

toid; of the sorosilicates, which include hemimorphite, 

epidote, and vesuvianite; and of the cyclosilicates, which 

include beryl, cordierite, and tourmaline. Basic testing 

tools for hardness, specific gravity, and streak as well as 
a hand lens, a binocular microscope, or both are needed. 

Index cards or a notebook must be available for abstract- 

ing the most important data for each mineral (see Fig. 
24:1): 

ASSIGNMENT: Hand specimen study of the various 
specimens available of the nesosilicates, sorosilicates, 

and cyclosilicates. Consult the listing of highly diagnos- 
tic physical properties that follows, as well as determina- 
tive tables and mineral descriptions in the textbook. 

nature. Olivine is readily alterated to 
serpentine minerals such as antigorite. Oli- 

vines in metamorphosed igneous rocks may 
show coronas, which are concentric 

alteration rims of pyroxene and amphibole. 

Garnets 

Garnets, members of the nesosilicate group, are very 
common rock-forming minerals, especially in metamor- 
phic rocks. Their general formula can be written as 
A,B,(SiO,),, in which the A site houses Mg, Fe, Mn, or Ca, 
and in which the B site is the location for Al, Fe, and Cr. 
These elemental substitutions result in six end-mem- 
bers, which are, with partial chemical formulas indicat- 
ing the A and B site occupancies, 

Pyrope—Mg,Al, 
Almandine — Fe, Al, 

Spessartine-Mn,Al, 

Copyright John Wiley & Sons, Inc. 
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Grossular — Ca,Al, 

Andradite -— Cache: 

Uvarovite — Caer, 

Of these, the most common metamorphic garnets are 
almandine, pyrope, grossular, and andradite. 

All garnets have very similar isometric crystal forms 
(see below), similar hardness (ranging from H = 6.10 
74 t), and abroad range of specific gravity (G = 3.5 to 4.3) 
as a result of their extensive compositional substitutions. 
Here follow the most diagnostic properties for hand 
specimen identification. : 

Crystal form: Isometric crystals, commonly showing do- 
decahedrons or trapezohedrons, or in 

combination. Hexoctahedrons are much 
rarer. Usually distinctly crystallized. May 
also occur in rounded grains, massive or 
granular. 

Vitreous to resinous. Transparent to translu- 
cent. 

Pyrope—deep red to nearly black 

Almandine-fine deep red to brownish red 

Spessartine-brownish to red 

Grossular-white, green, yellow, cinnamon 
brown, pale red 

Andradite-various shades of yellow, green 
brown, to black 

Uvarovite-emerald green 

Garnet is a common and widely distributed 
mineral, occurring abundantly in some 
metamorphic rocks and as an accessory 
constituent in some igneous rocks. Because 
the colors of several garnet end-members 
overlap, color is generally not a truly 

diagnostic property. Instead a careful study 

of the assemblage in which the garnet oc- 
curs is commonly very helpful in arriving at a 
correct evaluation of garnet type. 

Pyrope occurs in ultrabasic rocks such as 

peridotites and kimberlites. 

Almandine is the common garnet in meta- 
morphic rocks as in, for example, 

garnet-biotite schists. It is also a wide- 
spread detrital mineral in sedimentary rocks. 

Spessartine occurs in Mn-containing skarn 
deposits; commonly in association with Mn- 

oxides, ‘rhodonite, rhodochrosite, and so on. 

Grossular is a product of contact or regional 

metamorphism of impure limestones. 

Andradite occurs in environments that are 

more iron-rich than grossular but is also the 
result of metamorphic reactions in impure 

(Fe-containing) limestones. 

Uvarovite is very rare and occurs in associa- 

tion with serpentine and chromite. 

Luster: 

Color: 

Occurrence: 

Remarks: Garnets are usually recognized by their 
characteristic isometric crystals, their 

hardness, their color, and their mineral asso- 
ciation. 

ZIRCON 

Crystal form: Usually in crystals, commonly medium- to 
fine-grained. Tetragonal, consisting of 
prisms, pyramids, and dipyramids. Com- 

monly doubly terminated. May also be in 
irregular grains. 

H: 75 

G: 4.68 

Color: Commonly some shade of brown; also 
colorless, green, or red. Usually translucent. 
Luster adamantine. 

An accessory mineral in all types of igneous 
rocks, especially common in the more silicic 
types such as granite, granodiorite, and 
syenite. Also found in crystalline limestone, 
gneisses, and schists. It is a common 
accessory mineral in many sediments and in 
the heavy mineral fraction of sandstones. 
Occurs as rounded grains in stream and 
beach sands. 

Usually recognized by its characteristic 
crystals, color, luster, hardness, and high 
specific gravity. 

Occurrence: 

Remarks: 

Andalusite, Sillimanite, and Kyanite 

Andalusite, sillimanite, and kyanite are polymorphs of 
Al,SiO,. All three result from metamorphic reactions in 
argillaceous (= pelitic, meaning aluminum-rich) rocks, 
and with the aid of a pressure-temperature phase dia- 

gram for Al,SiO, one can interpret the different tempera- 
ture and pressure ranges for the formation of the three 
polymorphs. 

ANDALUSITE 

Crystal form: Orthorhombic, usually in coarse, nearly 
square prisms. 

Cleavage: Prismatic {110} distinct 

H: 75. Fine-grained pseudomorphs of mica 
after andalusite are common, having a 

hardness of 23. 

G: 3.16-3.20 

Flesh red, reddish brown, olive green. 
Transparent to translucent. The variety 
chiastolite has dark-colored carbonaceous 

inclusions arranged in a regular manner that 
makes a cruciform design. 

Commonly formed in the contact-metamor- 
phosed aureoles of igneous rocks within 

argillaceous rocks. May coexist with cordier- 

Color: 

Occurrence: 
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Remarks: 

SILLIMANITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

KYANITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

STAUROLITE 

Crystal form: 

ite. It is also found in association with 
kyanite or sillimanite in regionally metamor- 
phosed assemblages. 

Characterized by the nearly square prisms 
and hardness. Chiastolite is easily recog- 
nized by the symmetrically arranged inclu- 
sions. 

Occurs in long, slender, orthorhombic crys- 
tals without distinct terminations. Commonly 
in parallel groups; also fibrous, called fibro- 

lite. 

{010} perfect 

6-7 

3.23 

Brown, pale green, white. Transparent to 

translucent. 

In argillaceous rocks metamorphosed at 
high temperature, such as cordierite— 
sillimanite gneiss, or quartz—almandine— 
biotite—-sillimanite schist. In silica-poor rocks 

may be associated with corundum. 

Characterized by slender crystals with one 
direction of cleavage. May resemble other 
fibrous silicates such as tremolite or wolla- 
Sstonite. 

Triclinic. Usually in long, tabular crystals, 
rarely terminated. Also bladed aggregates. 

{100} perfect 

5 parallel to the length of crystals, 7 at right 
angles to this direction. 

3.55-3.66 

Usually blue, often of a darker shade toward 
the center of the crystal. Also, in some 

instances, white, gray, or green. Color may 
be irregular in streaks and patches. Luster 
vitreous to pearly. 

Common in regionally metamorphosed 

argillaceous rocks in association with, for 
example, garnet, staurolite, and corundum. 

Characterized by its bladed crystals, good 
cleavage, blue color, and different hard- 
nesses in different directions. 

Monoclinic prismatic crystals commonly in 
cruciform twins. Usually in crystals or 
twinned crystals; rarely massive. 

7-75 

3.65-3.75 

Color: 

Occurrence: 

Remarks: 

TOPAZ 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

DATOLITE 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

TITANITE 

Crystal form: 

Cleavage: 

H: 

G: 

Red-brown to brownish black. Translucent. 

Luster vitreous to resinous when fresh, dull 

to earthy when altered or impure. 

Occurs in regionally metamorphosed 
argillaceous schists and gneisses. In high- 

grade metamorphic rocks may be associ- 

ated with kyanite and garnet; in lower-grade 
metamorphic rocks occurs with chloritoid. 

Recognized by its characteristic crystals 
and cruciform twins and by its generally 

brownish color. 

Common in orthorhombic, prismatic crystals 
terminated by dipyramids, prisms, and 
basal pinacoid. Vertical faces frequently 

striated. Usually in crystals but also in 
crystalline masses; granular, coarse, or fine. 

Perfect basal {001} 

8 

3.4-3.6 

Colorless, yellow, pink, wine yellow, bluish, 
greenish. Transparent to translucent. 

Vitreous luster. 

In cavities in rhyolitic lavas and granite. Also 
in pegmatites. Associated with tourmaline, 
cassiterite, apatite, and fluorite. 

Recognized chiefly by its crystals, basal 
cleavage, high degree of hardness, and 
high specific gravity. 

Usually in crystals. Monoclinic with nearly 
equidimensional habit and often complex in 
development. Also coarse- to fine-granular. 

5-5 

2.8-3.0 

White, often with a faint greenish tinge. 
Transparent to translucent. Vitreous luster. 

It is a secondary mineral found usually in 
Cavities in basaltic lavas and similar rocks. 

Associated with zeolites, prehnite, apophyl- 
lite, and calcite. 

Characterized by its glassy luster, pale 
green color, and equidimensional crystals 
with many faces. 

Common as wedge-shaped, monoclinic 
crystals. May be lamellar or massive. 

{110} distinct. Parting on {110} may be 
present. 

5-53 
3.4-3.55 
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Color: 

Occurrence: 

Remarks: 

CHLORITOID 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

Gray, brown, green, yellow, black. Transpar- 
ent to translucent. Luster resinous to 
adamantine. 

It is acommon accessory, in small crystals, 
in granites, granodiorites, diorites, syenites, 
and nepheline syenites. 

Characterized by its wedge-shaped 
crystals, high luster, and typically brownish 
color. 

Seldom in distinct tabular crystals. Usually 
coarsely foliated, massive. Also in thin 
scales or plates. 

Good basal {001} cleavage producing brittle 
flakes. This cleavage is not as perfect as in 
the micas or in chlorite. 

65 (much harder than chlorite) 

3.5-3.8 

Dark green, greenish gray, often grass 
green in very thin plates. Luster pearly. 

A relatively common constituent of low- to 
medium-grade regionally metamorphosed 
iron-rich argillaceous rocks. Commonly as 

porphyroblasts in association with musco- 
vite, chlorite, staurolite, garnet, and kyanite. 

Chloritoid is very difficult to distinguish from 
chlorite, with which it is commonly associ- 
ated. Optical or X-ray study or both are 

necessary for unambiguous identification. 

HEMIMORPHITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

Orthorhombic crystals usually tabular 
parallel to {010}; prism faces terminated 
above by domes and a pedion, below by a 

pyramid, forming polar crystals. Often in di- 
vergent crystal groups, forming rounded or 

coxcomb masses. Also mammillary, stalac- 

titic, massive, and granular. 

Prismatic {110} perfect 

45-5 
3.4-3.5 (relatively heavy for a nonmetallic, 

light-colored mineral) 

White, in some cases with a faint bluish or 
greenish tinge; also yellow to brown. 

A secondary mineral found in the oxidized 
portions of zinc deposits, associated with 
smithsonite, sphalerite, cerussite, anglesite, 

and galena. 

Characterized by the grouping of crystals. 
Resembles prehnite but has a higher 
specific gravity. 

Epidotes 
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The epidote group of sorosilicates includes several spe- 

cies, the most common of which belong to the complete 

solid-solution series between monoclinic clinozoisite 

and epidote, and a considerably rarer species, al/anite. 

In hand specimens it is nearly impossible to distinguish 
between the various members of the clinozoisite-epidote 

series and, therefore, all members of this series are here 
referred to as epidote. 

EPIDOTE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

ALLANITE 

Crystal form: 

Color: 

Occurrence: 

Remarks: 

Usually coarse- to fine-granular; also fibrous. 
Monoclinic crystals are usually elongated 
parallel to the b axis with a prominent devel- 

opment of faces of the [010] zone, that is, 

the zone parallel to b. Also striated parallel 

to b. 

Basal {001} perfect 

6-7 

3.25-3.45 

Pistachio green to yellowish green to black; 
clinozoisite is paler green to gray. Luster 
vitreous. Transparent to translucent. 

A common mineral in regionally metamor- 
phosed rocks formed as part of epidote- 

amphibolite facies metamorphism. May also 

form as a retrograde mineral as a reaction 
product of plagioclase, pyroxene, and 

amphibole. Common in association with 

actinolite, chlorite, diopside, grossular and 

andradite garnets, vasuvianite, and calcite. 

Characterized by its unique pistachio-green 

color, one perfect cleavage, and relatively 

high hardness. 

Commonly massive in embedded grains 

55-6 

3.5-4.2 

Brown to pitch black. Often coated with a 

yellow-brown alteration product. Submetallic 

to pitchy and resinous luster. Subtranslu- 
cent, will transmit light only on thin edges. 

A minor constituent of many igneous rocks, 
such as granite, syenite, diorite, and 

pegmatites. Frequently associated with 
epidote. 

The hardness and specific gravity of allanite 
are variable because it occurs in various 
stages of metamictization, owing to self- 

irradiation by radioactive elements in its 
atomic structure. Allanite is characterized by 
its black color, pitchy luster, slight radioac- 
tivity, and occurrence in granitic rocks. 
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VESUVIANITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

BERYL 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

CORDIERITE 

Crystal form: 

Cleavage: 

H: 

G: 

Tetragonal, prismatic crystals that are com- 

monly vertically striated. Also in striated 
columnar aggregates, granular, and mas- 

sive. 

Prismatic {010} poor 

62 
3.35-3.45 

Usually green or brown; also yellow, blue, 
red. Subtranslucent to translucent. Vitreous 

to resinous luster. 

Common in contact-metamorphosed assem- 

blages resulting from reactions in and 
recrystallization of impure limestones and 

dolomites. Associated with grossular and 
andradite garnet, wollastonite, and diopside. 

Brown tetragonal prisms and striated colum- 
nar masses are highly characteristic. When 
in massive form vesuvianite may resemble 
some garnets, but it has a lower specific 
gravity. 

Hexagonal with a well-developed prismatic 

habit. Commonly vertically striated and 
grooved. Pyramidal forms are rare. Crystals 
may be large in size, with somewhat rough 
faces. 

Basal {0001} imperfect 

73-8 

2.65-2.8 

Commonly bluish green or light yellow, may 
be deep emerald green, gold yellow, pink, 
white, or colorless. Transparent to translu- 

cent. Vitreous luster. Aquamarine is the pale 
greenish-blue transparent gem variety. Mor- 
ganite, or rose beryl, is pale pink to deep 

rose. Emerald is a deep green transparent 
gem beryl. 

Common in granitic rocks and pegmatites. 
Also in mica schists and associated with tin 
ores. 

Usually recognized by its hexagonal crystal 
form and color. Distinguished from apatite 
by much greater hardness and from quartz 
by higher specific gravity. 

Short prismatic orthorhombic crystals are 
uncommon. Most commonly as embedded 
granular grains and massive. 

Pinacoidal {010} poor 

7-75 

2.60-2.66 

Color: 

Occurrence: 

Remarks: 

TOURMALINE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

Various shades of blue to bluish gray. Also 

colorless, white, gray, light yellow to brown. 

Transparent to translucent. Vitreous luster. 

Common in regionally and contact-metamor- 

phosed argillaceous rocks. Associated with 

sillimanite, spinel, anthophyllite, and garnet 

in schists and gneisses. Also present in 

granites and pegmatites. 

Easily recognized when it exhibits the typical 

blue to bluish-gray color. When it occurs as 
colorless or gray grains in a rock, it closely 

resembles quartz, from which it can be dis- 

tinguished only by optical tests. Distinguish- 

ed from corundum by lower hardness. 

Commonly in hexagonal prismatic crystals 
with a prominent trigonal prism and subordi- 

nate hexagonal prism. Prism faces vertically 
striated. The prism faces may round into 
each other, giving the crystals a cross sec- 
tion like a spherical triangle. When doubly 

terminated, crystals usually show different 

forms at the opposite ends of the crystal. 
Also massive compact; coarse- to fine- 

granular, either radiating or parallel. 

None; conchoidal fracture. 

7-75 

3.0-3.25 

Many colors as a result of chemical differ- 
ences. Most common is schorl, an Fe-rich 
species, which is black. Dravite, a brown 

variety, is Mg-rich. Rarer, commonly gem 
varieties are pink, green, or blue. Rarely 
white or colorless. A single crystal may show 

several different colors arranged in concen- 
tric zones about the c axis. Crystals may 
also have layers of different colors trans- 

verse to the length. When the outside zone 

is green and the inner zone pink, the variety 
is Known as watermelon tourmaline. Luster 
vitreous to resinous. 

Most common in granite pegmatites or the 
rocks immediately surrounding them. Also 
an accessory mineral in igneous and meta- 
morphic rocks. In most pegmatites the 
common variety is schorl, which is black. 
Lithium-bearing pegmatites, where in asso- 
ciation with lepidolite, beryl, and apatite, are 
the host for light-colored tourmalines. 

Usually recognized by the rounded triangu- 
lar cross sections of crystals, striations on 
prism faces, and conchoidal fracture. Distin- 
guished from hornblende by lack of cleav- 
age. 



EXERCISE 28 

COMMON OXIDES, HYDROXIDES AND HALIDES, 

AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of the most diagnostic physical properties 
and common occurrences of the rock-forming oxides, 

hydroxides, and halides. 

BACKGROUND INFORMATION: The study of hand 
specimens continues with (1) the oxides, which occur 
generally as accessory minerals in igneous and meta- 
morphic rocks and as resistant detrital grains in sedi- 
ments, (2) the hydroxides, which occur mainly as secon- 
dary alteration and weathering products, and (3) halides, 

which represent diverse geologic origins. 
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OXIDES 

The oxides are a group of minerals that are relatively 

hard, dense, and refractory and generally occur as 

accessory minerals in igneous and metamorphic rocks 

and as resistant detrital grains in sediments. Several 
oxide minerals are major ore minerals; examples are 
hematite and magnetite (for iron ore), chromite (chro- 

mium ore), romanechite and manganite (manganese 

ore), cassiterite (tin ore), and uraninite (uranium ore). 

Several of the oxides have submetiallic to metallic luster 
ahd are opaque; however, not all oxides have these 

properties. 

CUPRITE 

Crystal form: Commonly in isometric crystals that show 

cube, octahedron, and dodecahedron and 

combinations thereof. 

H: 35-4 (relatively soft) 

G: 6.1 

Color: Various shades of red; ruby red in transpar- 
ent crystals, called “ruby copper.” Luster 
metallic-adamantine in clear crystallized va- 

rieties. Streak brownish red. 

Occurrence: Found, as a supergene mineral, in the 

oxidized portions of copper deposits, 

Copyright John Wiley & Sons, Inc. 

MATERIALS 

Representative collections of the oxides, which include 

cuprite, corundum, hematite, ilmenite, rutile, pyrolu- 

site, cassiterite, uraninite, spinel, magnetite, and chro- 

mite; of the hydroxides, which include brucite, mangan- 

ite, romanechite, goethite, limonite, and bauxite; and of 

the halides, including halite, sylvite, and fluorite. Basic 

testing tools for hardness, specific gravity, and streak as 
well as a hand lens, a binocular microscope, or both are 

needed. Index cards or a notebook should be available 

for abstracting the most important data for each mineral 
(see Fig. 24.1). 

ASSIGNMENT: Hand specimen study of various speci- 
mens of the oxides, hydroxides, and halides. Consult the 
listing of highly diagnostic physical properties that fol- 
lows, as well as the determinative tables and mineral 

descriptions in the textbook. 

associated with limonite and secondary 
copper minerals such as native copper, 

malachite, azurite, and chrysocolla. 

Usually distinguished by its red color, 
isometric crystal form, high luster, brown 
streak, and association with limonite. 

Remarks: 

CORUNDUM 

Crystal form: Prismatic or tabular hexagonal crystals are 
common. May display hexagonal dipyr- 
amids that are rounded into barrel shapes 

with deep horizontal striation. Usually rudely 
crystallized or massive; coarse- or fine- 

granular. 

Cleavage: Only parting on {0001} and {1011}. 

H: 9(As corundum may alter to mica make 
sure a fresh surface is used in hardness 

testing.) 

G: 4.02 

Color: Usually some shade of brown, pink, or blue; 

but may be colorless or any color. Ruby is 
red gem corundum; sapphire is gem corun- 

dum of any other color. Emery is a black 
granular corundum intimately mixed with 
magnetite and hematite. Luster adamantine 
to vitreous. Transparent to translucent, 

339 
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Occurrence: 

Remarks: 

HEMATITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

ILMENITE 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

A common accessory mineral in some 
metamorphic rocks, such as crystalline lime- 
stone, mica schist, or gneiss. Also present in 
SiO,—poor igneous rocks such as syenites 
and nepheline syenites. Occurs also as 

rolled pebbles in detrital soil and stream 
sands. 

Characterized chiefly by its great hardness, 
high luster, specific gravity, and parting. 

If in crystals, they are usually thick- to thin- 
tabular on {0001} with hexagonal outline. 
Thin plates may be grouped in rosettes. Also 
in botryoidal to reniform shapes with radiat- 

ing structures, kidney ore. May also be mi- 
caceous and foliated and referred to as 
specular hematite. Also earthy. 

Parting on {1011} and {0001} 

53-63 (for crystals) 

5.26 (for crystals) 

Reddish brown to black. Red earthy variety 
known as red ocher, and platy and metallic 
variety known as specularite. Luster metallic 
in crystals and dull in earthy varieties. Streak 
light to dark red. Translucent. 

An accessory constituent of many rock 
types and the most abundant iron ore 
mineral in Precambrian banded iron- 
formations. It may occur as a sublimation 
product in volcanic rocks and as an acces- 

sory constituent in granites. Also present in 
metamorphic assemblages, and a minor 
constituent of red sandstones wherein, as a 

cementing material, it binds quartz grains 
together. Also in oolitic sedimentary iron 
deposits. 

Distinguished mainly by its characteristic 
red streak, reddish-brown to black color, 

and earthy to metallic luster. 

Most commonly massive and compact. Also 
in grains or as sand. 

55-6 

4.7 

Iron black with metallic to submetallic luster. 
Streak black to brownish red. Opaque. 

A common accessory in igneous rocks. May 
occur as large masses in gabbros, diorites, 
and anorthosites, commonly associated with 
magnetite. As a constituent of black sand, it 
is associated with magnetite, rutile, and 
zircon. 

Distinguished from hematite by its streak 
and from magnetite by its lack of strong 
magnetism. 

RUTILE 

Crystal form: 

Cleavage: 

H: 

Occurrence: 

Remarks: 

PYROLUSITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

CASSITERITE 

Crystal form: 

Cleavage: 

H: 

Commonly in tetragonal, prismatic crystals 
with dipyramid terminations and vertically 
striated prism faces. Frequently in elbow 

twins. Habit of crystals may be slender 
acicular. Also compact, massive. 

Prismatic {110} distinct 

6-65 

4.18-4.25 

Red, reddish brown to black. Streak pale 
brown. Usually subtranslucent, may be 
transparent. Luster adamantine to submetal- 

lic. 

Found in granite, granite pegmatite, mica 
schist, gneiss, metamorphic limestone, and 

dolomite. May be included in quartz and 
micas as fine-grained slender crystals. 

Characterized by its adamantine luster and 
red color. It has a lower specific gravity than 

cassiterite. 

Usually in radiating fibers or columns. Also 
granular massive; often in reniform coats 
and dendritic shapes finely overgrown with 
other Mn-oxides and hydroxides. Frequently 
pseudomorphous after manganite. 

Prismatic {110} perfect; fracture splintery. 

1-2 (often soils the fingers); for coarsely 
crystalline polianite the hardness is 6-63. 

4.75 

lron black. Streak also iron black. Opaque. 
Luster metallic. 

It is the most common manganese ore 
mineral and is widespread in its occurrence, 
It is found as nodular deposits in bogs, on 
lake bottoms, and on the floors of oceans. 
Also occurs in veins associated with quartz 
and various metallic minerals. 

Characterized by its black color and black 
streak and low degree of hardness. 

When in crystals may show two tetragonal 
prisms and dipyramids. Often in elbow- 
shaped twins. Usually massive, granular; 
also in reniform shapes with radiating fibrous 
appearance, known as wood tin. 

Prismatic {010} imperfect 

6-7 

6.8-7.1 (unusually high for a nonmetallic 
mineral) 

Usually brown or black: rarely yellow or 
white. Streak white. Translucent, rarely 



Occurrence: 

Remarks: 

URANINITE 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

Spinels 

COMMON OXIDES, HYDROXIDES AND HALIDES, AND THEIR PHYSICAL PROPERTIES 

transparent. Luster adamantine to submetal- 
lic or dull. 

Present as an accessory mineral of igneous 
rocks and pegmatites, but most commonly 
found in high-temperature hydrothermal 
veins in or near granitic rocks. Vein associa- 
tions may include tourmaline, topaz, fluorite, 
apatite, molybdenite, and arsenopyrite. May 
also occur as rolled pebbles in placer 
deposits, know as stream tin. 

Recognized by its high specific gravity, ada- 
mantine luster, and light streak. 

Most commonly as massive or botryoidal 
forms with a banded structure, known as 
pitchblende. 

55 
6.5-9, for pitchblende. Crystals show G 
7.5-9.7. 

Black. Streak brownish black. Luster sub- 

metallic to pitchlike, dull. 

A primary constituent of granitic rocks and 
pegmatites, and in high-temperature hydro- 
thermal veins associated with cassiterite, 

chalcopyrite, and arsenopyrite. Also in asso- 

ciation, at low temperatures, with secondary 
uranium minerals. 

Characterized chiefly by its pitchy luster, 
high specific gravity, color, streak, and 
strong radioactivity (as detected by a Geiger 
counter or a scintillation counter). 

The minerals of the spinel group show extensive solid 
solution between various end-member compositions. 

The most common members of this group are spinel, 

MgAI,O,, magnetite, FeFe,O, (or Fe,O,), and chromite, 
Beli 

SPINEL 

Crystal form: 

Color: 

Occurrence: 

Isometric. Commonly in octahedral crystals 

or in twinned octahedrons (spinel twins). 

Dodecahedron may be present as small 
truncations but other forms are rare. Also 
massive and in irregular grains. 

8 

3.5-4.1 

Various shades of white, red, lavender, blue, 

green, brown, and black. Nonmetallic. 
Luster vitreous. Streak white. Usually translu- 
cent, but may be clear and transparent. 

A common high-temperature mineral 

Remarks: 

MAGNETITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Magnetism: 

Occurrence: 

Remarks: 

CHROMITE 

Crystal form: 

Color: 

Occurrence: 
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occurring in contact-metamorphosed lime- 
stones and metamorphic rocks poor in SiO,. 

Metamorphic assemblages may contain 
phlogopite, pyrrhotite, and graphite. Also an 
accessory mineral in many dark igneous 
rocks. Also found as rolled pebbles in 

stream sands. 

Recognized by its hardness, octahedral 
crystal form, and vitreous luster. lron-rich 
spinel is distinguished from magnetite by 
being nonmagnetic and having a white 
streak. 

Isometric. Frequently in octahedral crystals, 
more rarely in dodecahedrons. Other forms 
rare. Usually granular massive, coarse- or 
fine-grained. 

None. Octahedral parting in some speci- 
mens. 

6 

5.18 

lron black. Luster metallic. Opaque. Streak 
black. 

Strong. May act as a natural magnet, known 
as lodestone. 

Magnetite is a common mineral found 
disseminated as an accessory in most igne- 
ous rocks. In some igneous rock types 
magnetite may be the chief constituent of 
the rock and may form large ore zones; 

these are commonly titaniferous. Magnetite 

is also found in metamorphic assemblages. 
It is a major constituent of Precambrian 

banded iron-formations, in association with 

chert and hematite. Also found in olack 
sands along seashores. Often closely 
intergrown with corundum, forming emery. 

Characterized by its strong magnetism, 
black color, and hardness of 6. 

Isometric, with octahedral habit, but crystals 
rare. Commonly massive, granular to 

compact. 

53 
4.6 

Iron black to brownish black. Luster metallic 
to submetallic; commonly pitchy. Subtrans- 

lucent. Dark brown streak. 

A common constituent of peridotites, of 

other ultrabasic rocks, and of serpentine 

derived from them. Associated with olivine, 
serpentine, and corundum. 
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Remarks: Lack of magnetism and brown streak 

distinguishes it from magnetite. Association 

with olivine and serpentine is highly charac- 

teristic. 

HYDROXIDES 

The hydroxides are distinguished from the oxides by the 
presence of (OH) groups, or H,O molecules in the 
structure. The presence of (OH) groups causes the 
bond strengths in these structures to be generally weaker 
than in the oxides. As a result, the hardness of hydrox- 

ides is generally lower than that of oxides. 

BRUCITE 

Crystal form: | Commonly foliated, massive. When in crys- 
tals, they are hexagonal, usually tabular on 

{0001}. 
Cleavage: Basal {0001} perfect. Folia flexible but not 

elastic. Sectile. 

H: 25 

G: 2.39 

Color: White, gray, light green. Luster on base 
pearly, elsewhere vitreous to waxy. Trans- 
parent to translucent. 

Occurrence: Found in association with serpentine, dolo- 
mite, magnetite, and chromite. As a reaction 
product of Mg-silicates, especially serpen- 

tine. 

Remarks: Recognized by its foliated nature, light color, 
and pearly luster on cleavage faces. Dis- 
tinguished from talc by being considerably 
harder, and from mica by being inelastic. 

MANGANITE 

Crystal form: Monoclinic crystals that are prismatic paral- 
lel to the c axis and vertically striated. Often 
columnar to coarse-fibrous. Contact and 
penetration twins common. 

Cleavage: Pinacoidal {010} perfect, {110} and {001} 
good 

H: 4 

G: 4.3 

Color: Steel gray to iron black. Luster metallic. 

Opaque. Streak dark brown. 

Occurrence: In manganese deposits associated with 

other Mn-oxides and hydroxides. Also in 
low-temperature hydrothermal veins asso- 
ciated with barite, siderite, and calcite. It 
commonly alters to pyrolusite. 

Remarks: _ Its black color and prismatic crystals are 
most diagnostic. Hardness (4) and brown 

streak distinguish it from pyrolusite. 

ROMANECHITE 

Crystal form: Massive, botryoidal, stalactitic; appears 

amorphous. 

H: 5-6 

G: 3.7-4.7 

Color: Black. Opaque. Luster submetallic. Streak 

brownish black. 

A product of secondary alteration of original 

Mn-carbonates, Mn-silicates, or both. Gen- 

erally in association with pyrolusite in man- 

ganese ore deposits, in nodular deposits in 

bogs, and on lake bottoms, and on sea and 

and ocean floors. Many of the hard bot- 

ryoidal masses formerly called psilomelane 

are mixtures of manganese oxides of which 

romanechite is a major constituent. 

Distinguished from other manganese oxides 
by its greater hardness and botryoidal form 
and from limonite by its black streak. 

Occurrence: 

Remarks: 

GOETHITE 

Crystal form: Rarely in distinct prismatic (orthorhombic), 
vertically striated crystals. Generally mas- 

sive, reniform, stalactitic, and in radiating 
fibrous aggregation. Foliated. So-called bog 
ore is generally loose and porous. 

Cleavage: Pinacoidal {010} perfect 

H: 5-53 

G: 4.37, but may be as low as 3.3 for impure 
material 

Yellowish brown to dark brown. Luster 
adamantine to dull, silky in some fine, scaly, 
or fibrous varieties. Streak yellowish brown. 
Subtranslucent. 

A common mineral resulting from oxidation 
and weathering of iron-bearing minerals. It is 
a widespread deposit in bogs and around 
springs. It constitutes the gossan or “iron 
hat” over metalliferous vein deposits. 

Color: 

Occurrence: 

Remarks: Distinguished from colloform hematite and 
romanechite by color and streak. 

LIMONITE 

Limonite is a field term used for very fine grained to 

amorphous mixtures of brown ferric hydroxides whose 

real identities are unknown. Limonite, therefore, has 
variable compositions (and variable chemical and physi- 
cal properties) and consists of a mixture of several iron 
hydroxides (commonly with goethite a major constitu- 
ent) or of a mixture of several minerals such as hematite, 
goethite, or lepidochrocite, with or without additional 
absorbed water. 
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BAUXITE 

The term bauxite is a rock term, not the name of amineral 
Species, because bauxite consists of a very fine grained 
intergrowth of three aluminum hydroxides, diaspore, 
gibbsite, and boehmite. Bauxite is the major ore of alu- 
minum. 

Crystal form: A mixture. Pisolitic, in round concretionary 
grains. Also massive, earthy, claylike. 

H: 1-3 

G: 2-2.55 

Color: White, gray, yellow, red. Yellow color caused 
by limonite staining. Luster dull to earthy. 

Bauxite is of supergene origin, commonly 
produced under subtropical to tropical 

conditions by prolonged weathering and 
leaching of silica from aluminum-bearing 

rocks. Laterite, formed in the tropics, is a soil 

consisting mainly of hydrous aluminum and 
ferric oxides. 

Recognized by its light, commonly yel- 
lowish-brown color, pisolitic and earthy 
texture, and low degree of hardness. 

Occurrence: 

Remarks: 

HALIDES 

The few common halides that will be considered here 

are all isometric and have relatively low degree of 
hardness. 

HALITE 

Crystal form: Isometric, with cubic habit; other forms rare. 

Some crystals hopper-shaped, meaning that 
the faces of the cube have grown more at 
the edges than in the center, giving the 
cube face a centrally depressed or hopper- 

shaped form. When in crystals or granular 
crystalline masses showing cubic cleavage, 

known as rock salt. Also massive, granular 
to compact. 

Cleavage: Cubic {001} perfect 

H: 25 

Gi 2.16 

Color: Colorless or white, or when impure may 

show shades of yellow, blue, purple, and 

red. Transparent to translucent. 

Salty . 

Occurs most commonly in evaporite de- 
posits, associated with gypsum, anhydrite, 

Taste: 

Occurrence: 

*A flame test is easily performed in the laboratory if a Bunsen burner, 
platinum wire loop on a glass rod, and a mortar and pestle (for 

inding the mineral to a fine powder) are available. The flame test 
illustrates the volatilization of some elements in the flame and the 
subsequent coloration of the flame. It is best executed by introducing 
the fine powder of the mineral into the Bunsen burner on a piece of 

dolomite, and shale, in rock salt beds 

ranging in thickness from a few feet to 
several hundred feet. Valuable deposits are 

also found in intrusive masses known as salt 

domes, which have their roots in thick, bed- 
ded deposits. Because salt is readily dis- 
solved in surface waters, it crops out only in 
the driest of climates, and commercial de- 
posits are confined almost entirely to the 
subsurface. 

Characterized by its cubic cleavage and 
taste, and distinguished from sylvite by a 
less bitter taste and yellow flame color,* 
caused by the presence of sodium. 

Remarks: 

SYLVITE 

Crystal form: Isometric crystals with cube and octahedron 
frequently in combination. Usually in 

granular crystalline masses with good cubic 
cleavage; also compact. 

Cleavage: Cubic {001} perfect 

nee 

G: 1.99 

Cleavage: Colorless to white; also shades of blue, 

yellow, or red caused by impurities. Trans- 
parent when pure. 

Salty, and more bitter than halite. 

Sylvite is of the same origin, mode of 
occurrence, and associations as halite but is 
much rarer. 

Similar in occurrence to halite and distin- 

guished from halite by its bitter taste and 
sectility. On scratching a smooth surface, a 
knife produces a powder with halite, but 
very little powder with sylvite. 

Taste: 

Occurrence: 

Remarks: 

FLUORITE 

Crystal form: Isometric, usually in cubes, and often in 
penetration twins. Other crystal forms are 
rare. Usually in crystals or in cleavable 
masses. Also massive; coarse- or fine- 
granular; columnar. 

Cleavage: Octahedral {111} perfect 

H: 4 

G: 3.18 

Color: Varies widely. Most commonly light green, 
yellow, bluish green, or purple; also color- 

less, white, rose, blue, or brown. Color is 
often distributed in bands in crystals or in 

platinum wire. Sodium gives an intensely yellow flame, and indeed 
sodium is so pervasive in laboratory dust that the flame may show a 
yellow coloration even for a mineral that contains no sodium. Flame 
tests results are also noted for several carbonates and sulfates in 
exercise 29. 
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Occurrence: 

the massive variety. Transparent to translu- 
cent. Luster vitreous. May show fluores- 
cence under ultraviolet radiation. 

A common, widely distributed mineral. In hy- Remarks: 
drothermal veins it may be the chief mineral, 
or it may be the gangue mineral in metallic 
ores, especially those of lead and silver. 
Also common in dolomites and limestones. 
May be associated with many different 
minerals, among them calcite, dolomite, 

gypsum, celestite, barite, quartz, galena, 
sphalerite, cassiterite, topaz, tourmaline, 

and apatite. 

Distinguished by its cubic crystals and 
perfect octahedral cleavage. Also by its 
vitreous luster and usually fine coloring, and 
by the fact that it can be scratched by a 
knife. It is harder than calcite and does not 
effervesce with cold HCI. 



EXERCISE 29 

COMMON CARBONATES, SULFATES, TUNGSTATE, 

AND PHOSPHATES, AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of some of the most diagnostic physical 
properties and common occurrences of carbonates, sul- 
fates, and phosphates. 

BACKGROUND INFORMATION: The study of hand 
specimens continues with ‘carbonates, which includes 
the common members of the calcite, aragonite, and dolomite 

groups; with sulfates and the common minerals of the 
barite group as wellas gypsum; with the tungstate scheelite; 
and with several phosphates, namely apatite, amblygo- 
nite, and turquoise. 

REFERENCES 

Klein, C., and Hurlbut, S. C., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 403-439. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 425-455. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco, pp. 329-382. 

CARBONATES 

The anhydrous carbonates fall into three structurally 

different groups: the calcite group, the aragonite group, 

and the dolomite group. In addition to the carbonates in 

these groups, the hydrous copper carbonates, azurite 

and malachite, are the only important carbonates. 

Calcite Group 

Five common carbonates are members of the calcite 

group. These are calcite, magnesite, siderite, rhodo- 

chrosite, and smithsonite. These minerals are all rhom- 

bohedral and isostructural with calcite. All show perfect 

rhombohedral {1011} cleavage. 

CALCITE 

Crystal form: Hexagonal. Crystals extremely varied in 

habit and often complex. Three important 

habits are (1) prismatic, in long or short 

prisms, with a base or rhombohedral termi- 

nations; (2) rhombohedral, in which rhombo- 

hedral forms predominate; and (3) scale- 

nohedral, with dominant scalenohedral 

forms in addition to prism faces. Calcite is 

usually in crystals or in coarse- to fine- 

Copyright John Wiley & Sons, Inc. 

MATERIALS 

Representative collections of members of the carbonates, 
including calcite, magnesite, siderite, rhodochrosite, 

smithsonite, aragonite, witherite, strontianite, cerussite, 

dolomite, malachite, and azurite; of the sulfates, includ- 

ing barite, celestite, anglesite, anhydrite, and gypsum; of 
the tungstate scheelite; and of the phosphates apatite, 

amblygonite, and turquoise. Basic tools for hardness, 

specific gravity, and streak testing as well as a hand lens, 
a binocular microscope, or both are needed. Index cards 
or a notebook should be available for abstracting the 
most important data for each mineral (see Fig. 24.1). 

ASSIGNMENT: Hand specimen study of the various 
specimens available of the carbonates, sulfates, tung- 

states, and phosphates. Consult the listing of highly 
diagnostic physical properties that follows, as well as the 

determinative tables and mineral descriptions in the 

textbook. 

grained aggregates. Also compact, earthy 
(as in chalk), and stalactitic (as in cave 

deposits). 

Rhombohedral {1011} perfect; cleavage 
angle = 74°55’. Parting along twin lamellae 

of {0112}. 

H: 3oncleavage, 25 on base 

G: 2.71 

Color: Usually white to colorless, but may be 

variously tinted gray, red, green, blue, 

yellow; also, when impure, brown to black. 

Luster vitreous to earthy. Transparent to 

translucent. Iceland spar is a chemically 

pure and optically colorless variety of cal- 

cite. 

One of the most common rock-forming 

minerals. The main constituent of limestone 

and of marble, metamorphosed limestone. 

Also the main mineral in chalk, which is fine- 

grained and pulverulent (meaning, easily 

powdered). Common as stalagmites, stalac- 

tites, and incrustations in cave deposits. 

Cellular deposits formed around hot or cold 

calcareous springs are known as travertine 

or tufa. Calcite may also be a primary 

mineral in some igneous rocks such as car- 

bonatites and nepheline syenite. It is a late 

345 

Cleavage: 

Occurrence: 
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Remarks: 

MAGNESITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

SIDERITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

crystallization product in the cavities of 

lavas. It is also a common mineral in hydro- 
thermal veins associated with sulfide ores. 

Characterized by its hardness (3), rhombo- 

hedral cleavage, vitreous luster, light color, 
and its ready effervescence in cold dilute 
HCI. Distinguished from dolomite by the fact 
that coarse fragments of calcite effervesce 
freely in cold dilute HCI, and distinguished 
from aragonite by lower specific gravity and 

rhombohedral cleavage. 

Rarely in rhombohedral crystals. Usually 
cryptocrystalline in white, compact, earthy 

masses; also in cleavable granular masses, 
coarse to fine. 

Rhombohedral {1011} perfect 

33-5 

3.0-3.2 

White, gray, yellow, brown. Luster vitreous. 

Transparent to translucent. 

Common in veins and irregular masses 
derived from the alteration of Mg-rich meta- 
morphic and igneous rocks; as such, a 

constituent of serpentinites and altered peri- 

dotites. Such magnesite is compact and 

cryptocrystalline and may be associated 
with opaline silica. Cleavable magnesite is 
found in talc, chlorite, and mica schists and 
in dolomitic limestones. 

The white massive variety resembles chert 
and is distinguished from it by a lower 
degree of hardness. Cleavable varieties are 

distinguished from dolomite by higher 
specific gravity. Magnesite, almost nonreac- 
tive in cold HCl, dissolves with efferves- 

cence in hot HCl. 

Commonly in rhombohedral crystals, which 
may show curved faces. Also in globular 
concretions and cleavable masses. May be 
botryoidal, compact, and earthy. 

Rhombohedral {1011} perfect 

35-4 

3.96, for pure FeCO, 

Usually light to dark brown. Luster vitreous. 
Transparent to translucent. 

As a vein mineral, in well-crystallized form, it 
is associated with metallic ores containing 
silver minerals, pyrite, chalcopyrite, and 

galena. It also occurs as clay ironstone, with 

admixed clay minerals, in concretions with 

Remarks: 

concentric layers. Also found in shales and 

coal measures as blackband ore, contami- 

nated with carbonaceous material. It is also 

acommon constituent of sedimentary Pre- 

cambrian iron-formations, in association with 

chert and magnetite. 

Its brownish color and high specific gravity 

distinguish it from other carbonates. Soluble 

in powdered form in cold HCI or as frag- 

ments in hot HCI with effervescence. Distin- 

guished from sphalerite by its rhombohedral 

cleavage. 

RHODOCHROSITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

SMITHSONITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

Rarely in rhombohedral crystals, which may 
show curved faces. Usually cleavable, 
massive; granular to compact. 

Rhombohedral {1011} perfect 

35-4 

3.5-3.7 

Usually some shade of rose red; may be 
light pink to dark brown. Luster vitreous. 
Transparent to translucent. 

A constituent of hydrothermal veins with ore 
minerals of silver, lead, and copper, and of 

manganese deposits. 

The combination of pink color and rhombo- 

hedral cleavage is highly diagnostic. Its 
hardness (4) distinguishes it from rhodonite, 

which has a hardness of 6. Soluble in hot 

HCI with effervescence. 

Usually reniform, botryoidal, or stalactitic. 
Rarely in small rhombohedral or scalenohe- 
dral crystals. Also in crystalline incrustations, 
or granular to earthy. 

Rhombohedral {1011} perfect 

44h 

4.30—4.45 

Often dirty brown; may also be colorless, 
white, green, blue, or pink. The yellow 
variety is known as turkey-fat ore. Luster 
vitreous. Translucent. 

Smithsonite is a zinc ore of supergene 
origin, usually found with zinc deposits in 

limestones. Associated with sphalerite, ga- 
lena, hemimorphite, cerussite, calcite, and li- 
monite. 

Effervesces in powdered form and in hot 

HCl, and is further characterized by its 
usually reniform, botryoidal, or stalactitic 
habit. Color may be highly variable. Further 
distinguished from other carbonates by its 
hardness of 4 and high specific gravity. 



Aragonite Group 

Four relatively common carbonates are members of the 
aragonite group. These are aragonite, witherite, stron- 
tianite, and cerussite. These members are orthorhombic 
and isostructural with aragonite. 

ARAGONITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

WITHERITE 

Crystal form: 

Cleavage: 

Orthorhombic crystals with three common 
habits: (1) acicular pyramidal, usually in 
radiating groups of crystals; (2) tabular with 
prominent vertical pinacoid and prisms; and 
(3) in cyclic hexagonal-like’twins with a 
basal plane, which is commonly striated in 
three different directions. Also in reniform, 
columnar, and stalactitic aggregates. 

Pinacoidal {010} distinct, prismatic {110} 
poor 

33 -4 (harder than calcite) 

2.95 (higher than calcite) 

Colorless, white, pale yellow, and variously 
tinted. Luster vitreous. Transparent to trans- 
lucent. 

Much less common than calcite, of which it 
is the orthorhombic polymorph. Deposited 

from hot springs, and associated with gyp- 
sum. As fibrous crusts on serpentine and in 

amygdaloidal cavities in basalt. In metamor- 
phic assemblages of the blueschist facies, 
as a result of crystallization at high pressure 
but relatively low temperature. The pearly 

layer of many shells and the pearl itself are 
aragonite. 

Effervesces in cold dilute HCI. Distinguished 
from calcite by its higher specific gravity 
and lack of rhombohedral cleavage. 
Cleavage fragments of columnar calcite are 
terminated by rhombohedral cleavage 
transecting the columnar crystals, whereas 

columnar aragonite has cleavage parallel to 

elongation. Distinguished from witherite and 
strontianite by lower specific gravity and 

lack of distinctive flame coloration (see 
flame test, footnote in exercise 28). 

Orthorhombic, with crystals always twinned 
on {110} forming pseudohexagonal dipyr- 
amids by the intergrowth of three individu- 
als. Crystals often deeply striated horizon- 
tally. Also botryoidal to globular; columnar 
or granular. 

Pinacoidal {010} distinct, prismatic {110} 
poor 

33 
4.3 (high for a nonmetallic mineral) 

Color: 

Occurrence: 

Remarks: 

STRONTIANITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

CERUSSITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 
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Colorless, white, gray. Luster vitreous. 
Translucent. 

In hydrothermal veins associated with 
galena. 

Soluble in cold HCI with effervescence, and 
gives a yellowish-green flame test (for Ba). 
Its high specific gravity is characteristic, and 
it is distinguished from barite by its efferves- 
cence in acid. 

Orthorhombic, usually in radiating clusters of 

acicular crystals (like type 1 of aragonite). 
Commonly twinned on {110} giving a pseu- 
dohexagonal appearance. Also columnar, 

fibrous, and granular. 

Prismatic {110} good 

354 

3.7 (high for a nonmetallic mineral) 

White, gray, yellow, green. Luster vitreous. 
Transparent to translucent. 

Occurs in low-temperature hydrothermal 
veins and deposits associated with barite, 

celestite, and calcite. Also present in sulfide 

veins, and a rare constituent of igneous 
rocks. 

Dissolves with effervescence in dilute HCl, 

and gives a crimson flame test (for Sr). 

Characterized by high specific gravity and 
effervescence in HCI. Can be distinguished 

from witherite and aragonite by flame test 
(see footnote in exercise 28). Distinguished 
from celestite by poorer cleavage and 
effervescence in acid. 

Orthorhombic crystals commonly with varied 
habit and many forms. Often tabular on 
{010}, and in reticulated groups of plates 
crossing each other at 60° angles. Occurs 
as pseudohexagonal twins with deep re- 

entrant angles in the vertical zone. Also in 

granular crystalline aggregates; fibrous, 
compact, and earthy. 

Prismatic {110} good, {021} fair 

3-35 

6.65 (very high for a nonmetallic mineral) 

Colorless, white, or gray. Luster adamantine. 
Transparent to subtranslucent. 

An important and common supergene lead 

ore associated with primary minerals such 

as galena and sphalerite, and secondary 
minerals such as anglesite, smithsonite, and 
limonite. 
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Recognized by its high specific gravity (very 
high for a nonmetallic mineral), white color, 

and adamantine luster. 

Remarks: 

Dolomite Group 

This carbonate group includes three end-member com- 
positions, all of which are isostructural. These are dolo- 

mite, CaMg(CO,),, ankerite, CaFe(CO,),, and kutnahor- 
ite, CaMn(CO,),. Of these three dolomite is by far the 
most common, but considerable solid solution occurs in 

dolomite toward the Fe-rich end-member ankerite. In the 

following description dolomite and ankerite are treated 

together. 

DOLOMITE-ANKERITE 

Dolomite: Usually as rhombohedra, often 
with curved faces, and when strongly 

curved known as “saddle-shaped” crystals. 
Other forms are rare. In coarse, cleavable 
masses to fine-grained to compact. 

Ankerite: Generally not found in well-formed 
crystals. When in crystals, they resemble 
those of dolomite. 

Cleavage: Rhombohedral {1011} perfect 

H: 33-4 

G: 2.85 (for dolomite) and ~ 3.1 (for ankeritic - 

compositions) 

Dolomite: Colorless, white, gray, green, or 
some shade of light pink, or flesh color. 
Ankerite: Typically yellowish white to yel- 
lowish brown (owing to oxidation of some of 
the iron). Luster vitreous. Transparent to 

translucent. 

Dolomite: Most common in sedimentary rock 
known as dolomite or dolostone, and in 

dolomitic marble. Also as a hydrothermal 

vein mineral, especially in lead and zinc 
veins that traverse limestone, associated 

with fluorite, calcite, barite, and siderite. 

Ankerite: a common carbonate in Precam- 

brian iron-formations in association with 

chert, magnetite, and hematite. 

Dolomite and ankerite have similar proper- 

ties except for the color differences already 
noted. In cold, dilute HCI large fragments of 
dolomite and ankerite are slowly attacked; 
they become soluble, with effervescence, 
only in hot HCI. Powdered mineral is readily 
soluble in cold acid. The crystallized variety 
is recognized by the curved rhombohedral 
crystals and flesh-pink color. The massive 
rock variety is distinguished from limestone 

by much less vigorous reaction with HCI. 

Crystal form: 

Color: 

Occurrence: 

Remarks: 

MALACHITE 

Crystal form: Slender monoclinic prismatic crystals but 

seldom distinct. Crystals may be pseudo- 

morphous after azurite. Usually in botryoidal 

or stalactitic masses with radiating fibers. 

Also granular and earthy. 

Cleavage: Pinacoidal {201} perfect but rarely seen 

H: 33-4 

G: 3.9-4.03 

Color: Bright green. Luster adamantine to vitreous 

in crystals; often silky in fibrous varieties; 
dull in earthy type. Translucent. Streak pale 

green. 

A common supergene copper mineral found 

in the oxidized portions of copper veins 

associated with azurite, cuprite, native cop- 

per, and iron oxides. 

Soluble in cold dilute HCI with efferves- 
cence, giving a green solution. Recognized 
by its bright green color and botryoidal 
forms, and distinguished from other green 
copper minerals by its effervescence in 

acid. 

Occurrence: 

Remarks: 

AZURITE 

Crystal form: Monoclinic with crystals frequently complex 

and malformed. Also in radiating spherical 

groups. 

Cleavage: Prismatic {011} perfect, pinacoidal {100} fair 

H: 35-4 

Gra: 6 

Color: Intense azure blue. Luster vitreous. Trans- 

parent to translucent. 

Less common than malachite but of the 
same origin and associations. 

Characterized chiefly by its effervescence in 
cold dilute HCl, its hardness, its azure-blue 

color, and common association with mal- 

achite. 

Occurrence: 

Remarks: 

SULFATES 

The mostimportant and common anhydrous sulfates are 

those of the barite group, which includes barite, celes- 
tite, and anglesite. Another fairly common anydrous 
sulfate is anhydrite. The most common hydrous sulfate 
to be considered is gypsum. 

BARITE 

Crystal form: Orthorhombic crystals usually tabular on 
{001}. Crystals may be very complex. 
Frequently in divergent groups or tabular 



Cleavage: 

Occurrence: 

Remarks: 

CELESTITE 

Crystal form: 

Cleavage: 

H: 

G: 

Occurrence: 

Remarks: 

ANGLESITE 

Crystal form: 

Cleavage: 

H: 

G: 

crystals forming “crested barite” or “barite 
roses.” Also coarsely laminated, granular, or 
earthy. 

Pinacoidal {001} perfect, with prismatic 
{210} less perfect 

3-35 

4.5 (heavy for a nonmetallic mineral) 

Colorless, white, and light shades of blue, 
yellow, red. Luster vitreous; on some speci- 
mens pearly on the base. Transparent to 

translucent. 

Occurs most commonly in hydrothermal 
veins associated with ores of silver, lead, 
copper, cobalt, and manganese. 

Recognized by its high specific gravity, 
characteristic cleavage, and crystal form. 

Gives a yellowish-green flame test (for Ba). 

Orthorhombic crystals closely resemble 
those of barite. Commonly tabular on {001} 
or prismatic parallel to the aor b axis. Also 

radiating fibrous; granular. 

Basal {001} perfect, prismatic {210} good 

3-37 
3.95-3.97 

Colorless, white, often faintly blue or red. 
Luster vitreous to pearly. Transparent to 

translucent. 

Most commonly as disseminations through 
limestone or sandstone, or in nests and 
lining cavities in such rocks. Associated with 
calcite, dolomite, gypsum, halite, sulfur, and 

fluorite. Common in lead veins with galena. 

Closely resembles barite but is differentiated 
by lower specific gravity and a crimson 
flame test (for Sr). Fine radiating or fibrous 

habit of some celestite is also characteristic, 
as may be its usual pale blue color. 

Orthorhombic crystals with habit similar to 
that of barite but more varied. Also massive, 
granular to compact. Frequently earthy, in 
concentric layers that may have an unal- 
tered core of galena. 

Basal {001} good, prismatic {210} imperfect. 
Fracture conchoidal. 

3.0 

6.2-6.4 (very high for a nonmetallic mineral) 

Colorless, white, gray, pale shades of 
yellow. May be colored dark gray by impuri- 
ties. Luster adamantine when crystalline, 
dull when earthy. Transparent to translucent. 

Occurrence: 

Remarks: 

ANHYDRITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

GYPSUM 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 
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A common supergene mineral found in the 
oxidized portions of lead deposits. Associ- 

ated with galena, cerussite, sphalerite, 
smithsonite, hemimorphite, and iron oxides. 

Recognized by its high specific gravity, its 
adamantine luster, and its common associa- 
tion with galena. 

Orthorhombic but rarely in crystals. Usually 
massive or in crystalline masses resembling 
an isometric mineral with cubic cleavage. 
Also fibrous, granular, massive. 

Three pinacoidal cleavages: {010} perfect, 
{100} nearly perfect, and {100} good. 

3-35 
2.89-2.98 
Colorless to bluish or violet. May also be 
white or tinged with rose, red, or brown. 
Luster vitreous to pearly on cleavage. 

Is found in much the same manner as 
gypsum, with which it is commonly associ- 
ated, but is less common than gypsum. 
Occurs in beds associated with salt depos- 

its in the cap rock of salt domes, and in lime- 

stones. Also in amygdaloidal cavities in 
basalts. 

Characterized by its three cleavages at right 
angles. It is distinguished from calcite by its 
higher specific gravity and from gypsum by 
its greater hardness. The cleavages are 
markedly different from those of barite. 
Some massive anhydrite varieties may be 
difficult to recognize as such. 

Monoclinic crystals of simple habit. Com- 

monly tabular on {010}; diamond-shaped 
with beveled edges. Twinning on {100} 
common, resulting in swallowtail twins. 

Pinacoidal {010} perfect, yielding thin folia; 
{100} with conchoidal surface; {110} with 

fibrous fracture. 

2 (can be scratched by the fingernail) 

2.32 

Colorless, white, gray; various shades of 
yellow, red, brown, from impurities. Luster 
usually vitreous; also pearly and silky. 

Transparent to translucent. Satin sparis a 
fibrous gypsum with silky luster. Alabaster is 
a fine-grained massive variety. Selenite is a 
variety that yields broad, colorless, and 
transparent cleavage folia. 

Gypsum is commonly distributed in sedi- 

mentary rocks, often as thick beds. Occurs 
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interstratified with limestone and shale and 

as alayer underlying beds of rock salt. Fre- 
quently formed by the alteration of anhydrite. 
Also found in volcanic regions, and as a 

gangue mineral in metallic veins. Common 

associations are halite, anhydrite, dolomite, 

calcite, sulfur, pyrite, and quartz. 

Remarks: Characterized by its softness and its three 
unequal cleavages. 

TUNGSTATES 

Of the various tungstates, only one relatively common 

species will be described, namely scheelite, CaWO,,. 

SCHEELITE 

Crystal form: Tetragonal dipyramidal crystals of which the 
dipyramid {112} closely resembles the 
octahedron in angles. Also massive granu- 
lar. 

Cleavage: Prismatic {101} distinct 

H: 45-5 

G: 5.9-6.1 (very high for a nonmetallic mineral) 

Color: White, yellow, green, brown. Luster vitreous 

to adamantine. Translucent, some speci- 

mens transparent. Most scheelite will fluo- 

resce with bluish-white color in short ultra- 

violet radiation. 

Occurrence: Found in granite pegmatites, contact meta- 
morphic deposits, and high-temperature 

hydrothermal veins associated with granitic 
rocks. Common associations are cassiterite, 

topaz, fluorite, apatite, and molybdenite. 

Remarks: Recognized by its high specific gravity, 
crystal form, fluorescence in shortwave 
ultraviolet light, and generally light color. 

PHOSPHATES 

Of the many phosphate minerals, only a few are com- 
mon. Here descriptions will be given for apatite, ambly- 
gonite, and turquoise. 

APATITE 

Crystal form: | Hexagonal, commonly in crystals of long 

prismatic habit; some short prismatic or 

tabular. Also massive granular to compact 
masses. 

Cleavage: Basal {0001} poor 

H: 5 (can just be scratched by a knife) 

G: 3.15-3.20 

Color: Usually some shade of green or brown; also 

blue, violet, colorless. Luster vitreous to 

subresinous. Transparent to translucent. 

Occurrence: Apatite is widely distributed in igneous, 

Remarks: 

AMBLYGONITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

TURQUOISE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

metamorphic, and sedimentary rocks. It is 

also found in pegmatites and other veins, 

probably of hydrothermal origin. Phosphate 

materials of bones and teeth are members 

of the apatite group. 

The apatite in igneous rocks is commonly 

in very fine grained to microscopic crystals 

in accessory amounts. It can occur in very 

large crystals in coarsely crystalline lime- 

stones and marbles. The variety collophane 

(a massive, cryptocrystalline type) consti- 

tutes the bulk of phosphorite or phosphate 

rock. 

Usually recognized by a combination of its 
color, hexagonal crystal form, and hardness. 
It is distinguished from beryl! by inferior 
hardness and from quartz by color and 
hardness. Massive, granular varieties may 
resemble diopside, but apatite is of inferior 

hardness. 

Triclinic but usually occurs in coarse, 
cleavable masses. 

{100} perfect, {110} good, and {011} distinct 

6 

3.0-3.1 

White to pale green or blue, rarely yellow. 

Luster vitreous, pearly on {100} cleavage. 
Translucent. 

Found mainly in Li-bearing granite pegma- 

tites in association with spodumene, tourma- 

line, lepidolite, and apatite. 

Resembles albite, with which it is commonly 
associated. However, different cleavage 
angles and the less perfect cleavage of am- 
blygonite, as well as the higher specific 
gravity, distinguish it from albite. A flame test 
gives a diagnostic red coloring for Li. 

Rarely in minute triclinic crystals, usually 
cryptocrystalline. Massive compact, reni- 
form, stalactitic. In thin seams, incrustations, 
and disseminated grains. 

Basal {001} perfect 

6 

2.6-2.8 

Blue, bluish green, green. Luster waxlike. 
Transmits light on thin edges. 

A secondary mineral found in small veins 
and stringers traversing more or less 
decomposed volcanic rocks in arid regions. 

Easily recognized by its color. It is harder 
than chrysocolla, the only common mineral 
that it resembles. 
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NATIVE ELEMENTS, SULFIDES, AND A SULFOSALT 

AND THEIR PHYSICAL PROPERTIES 

PURPOSE OF EXERCISE 

An overview of some of the most diagnostic physical 
properties and common occurrences of native elements 
and sulfides. 

BACKGROUND INFORMATION: The study of hand 
specimens of individual minerals concludes with native 
elements, which include native metals as well as nonmet- 

als, the diverse and large group of sulfides, and a sulfosalt. 
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NATIVE ELEMENTS 

Among the native elements, the most common and 

important native metals are members of the go/d group: 

gold, silver, and copper, all of which are isometric and 

isostructural and have metallic luster and high specific 

gravity. The important nonmetals are sulfur and carbon, 
in the form of diamond and graphite. 

GOLD 

Crystal form: Isometric, with crystals commonly octahe- 
dral. Often in arborescent crystal groups. 
Crystals may be irregularly formed, passing 

into filliform, reticulated, and dendritic 

shapes. Most commonly in irregular plates, 

scales, or masses. Also in rounded or flat- 

tened grains, “nuggets.” 

H: 25-3; fracture hackly. Very malleable and 
sectile. 

G: 19.3 when pure. The presence of other 

metals (usually silver) decreases the 

specific gravity, which may be as low as 15. 

Color: Various shades of yellow depending on the 

purity, becoming paler with increasing silver 

content. Metallic luster. 

Occurrence: The chief sources of gold are (1) hydrother- 

mal gold—quartz veins in which it is com- 

monly so fine-grained that its presence 

Copyright John Wiley & Sons, Inc. 

MATERIALS 

Representative collections of members of the native ele- 
ment group: among the native metals, gold, silver, and 
copper; among the native nonmetals, sulfur, diamond, 
and graphite; and of the sulfide group, including chalco- 
cite, bornite, galena, sphalerite, chalcopyrite, pyrrhotite, 

pentlandite, covellite, cinnabar, realgar, orpiment, stib- 

nite, pyrite, marcasite, molybdenite, and arsenopyrite; 

and among the sulfosalts, enargite. Basic testing tools for 
hardness, specific gravity, and streak as well as a hand 
lens, a binocular microscope, or both are needed. Index 

cards or a notebook should be available for abstracting 
the most important data for each mineral (see Fig. 24.1). 

ASSIGNMENT: Hand specimen study of the various 
specimens available of the native elements, sulfides, and 

sulfosalts. Consult the listing of highly diagnostic physi- 
cal properties that follows, as well as the determinative 
tables and mineral descriptions that follow. 

cannot be detected with the eye, and (2) 

placer deposits, and their lithified equiva- 

lents known as conglomerates, in which the 
gold occurs as fine detrital grains and 

nuggets. 

The chances are few that you will be hand- 

ling gold specimens in the laboratory! How- 
ever, highly secured exhibits are commonly 

present in natural history museums. Gold is 
characterized by its color, malleability, and 

sectility. In small grains it can be easily 

confused with pyrite and chalcopyrite, 
hence the common designation fool's gold 
for these minerals. Pyrite has a much greater 
hardness, and chalcopyrite is brittle instead 

of malleable and sectile. 

Remarks: 

SILVER 

Crystal form: Isometric crystals are commonly malformed 
and in branching, arborescent, or reticulated 

groups. Also in coarse or fine wire. Usually 
in irregular masses, plates, and scales. 

H: 25-3. Fracture hackly. Malleable and 
ductile. 

G: 10.5 when pure, 10-12 when impure. 

Silver white, often tarnished to brown or 
gray-black. Streak silver white. Luster metal- 

lic. Opaque. 

Color: 

351 
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Occurrence: 

Remarks: 

COPPER 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

SULFUR 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Native silver in large deposits has been 
precipitated from primary hydrothermal 
solutions. It is also distributed, in smaller 
amounts, in the oxidized zones of ore 

deposits. 

As is true of gold, you will probably have no 
chance to handle specimens of native silver 
in the laboratory. However, good silver spec- 
imens are commonly seen in the exhibits of 
natural history museums. Native silver is 
distinguished by its malleability, color on the 
fresh surface, and high specific gravity. 

Isometric crystals with tetrahexahedral, 
cube, dodecahedral, and octahedral faces 
are common. Crystals are usually malformed 
and in branching and arborescent groups. 
Usually in irregular masses, plates, and 
scales, and twisted and wirelike forms. 

25-3. Highly ductile and malleable. Fracture 

hackly. 

8.9 

Copper red on fresh surface, usually dark 

with dull luster because of tarnish. 

Small amounts of native copper occur in the 

oxidized zones of copper deposits associ- 

ated with cuprite, malachite, and azurite. 

Primary deposits of native copper are asso- 

ciated with basaltic lavas, where copper 

was deposited through the reaction of hy- 
drothermal solutions with iron oxide miner- 
als. 

Native copper is recognized by its red color 

on fresh surfaces, hackly fracture, high 
specific gravity, and malleability. 

Orthorhombic crystals with pyramidal habit, 
commonly with two dipyramids, prism {0114}, 
and a base in combination. Frequently in 
masses, imperfectly crystallized. Also mas- 
sive, reniform, stalactitic, as incrustations, 
earthy. 

None. Fracture conchoidal to uneven. Brittle. 

13-25 
2.05-2.09 

Sulfur yellow, varying with impurities to 

yellow shades of green, gray, and red. 
Luster resinous. Transparent to translucent. 

Is found commonly at or near the crater rims 
of active or extinct volcanoes, deposited 

from volcanic gases. It also occurs in veins 

with metallic sulfides formed by the oxida- 
tion of the sulfides. It is most common in Ter- 

Remarks: 

DIAMOND 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

tiary sedimentary rocks associated with 

anhydrite, gypsum, and limestone. Other as- 

sociations include celestite, gypsum, 

calcite, and aragonite. 

Sulfur is a poor conductor of heat. When a 

crystal is held in the hand close to the ear, it 

will be heard to crack. The surface layers 

expand because of the heat of the hand, but 

the interior, because heat conduction is 

slow, is unaffected, and thus the crystal 

cracks. Crystals of sulfur should therefore be 

handled with care. 

Sulfur is identified by its yellow color, 

absence of cleavage (which distinguishes it 

from orpiment), low degree of hardness, and 

brittleness. 

Isometric crystals with octahedral form most 
common; cubes and dodecahedra may 
occur as well. Octahedral faces are fre- 
quently curved, and twins on {111} (spinel 
law) are common. Bort, a variety of dia- 
mond, has rounded forms and a rough 
exterior resulting from a radial or cryptocrys- 

talline aggregate. The term is also applied to 
badly colored or flawed diamonds without 

gem value. 

Octahedral {111} perfect 

10 (hardest known mineral) 

oi 

Usually pale yellow or colorless; also pale 

shades of red, orange, blue, green, and 
brown. Deeper shades are rare. Luster ada- 

mantine; uncut crystals have a characteristic 
greasy appearance. Carbonado or carbon is 

a black or grayish-black bort. It is noncleav- 
able, opaque, and less brittle than crystals. 

The primary occurrence of diamonds is in 
alterated peridotite called kimberlite, as 

intrusive bodies that are commonly circular 
with a pipelike shape and referred to as 

“diamond pipes.” Kimberlite consists of 

rounded and corroded phenocrysts of 
olivine, phlogopite, ilmenite, and pyrope in a 

fine-grained matrix of olivine, phlogopite, 

serpentine, spinels, calcite, and/or dolomite. 
A large percentage of diamonds are 
recovered from alluvial deposits (known as 

placers), where they accumulate because of 

their inert nature, great hardness, and fairly 
high specific gravity. 

Diamond is distinguished from minerals that 
resemble it by its great hardness, adaman- 
tine luster, and cleavage. Although you will 
undoubtedly not be handling cut or uncut 
diamonds in the laboratory, you might look 
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at several diamond displays in jewelers’ 
windows or cases. You may also look for a 
synthetic diamond simulant known as cubic 
zirconia (abbreviated CZ), which has pro- 

perties so much like those of diamond that it 

is a very successful and relatively inexpen- 

sive substitute for gem diamond. The size 
(and weight) of diamonds, and other gem- 

stones, is expressed in carats, where 1 carat 
= 200 milligrams. 

GRAPHITE 

Crystal form: Tabular crystals with hexagonal outline and 

a prominent basal face are quite common. 

Usually in foliated or scaly masses; also ra- 
diated or granular. 

Cleavage: Basal {0001} perfect. Folia flexible but not 
elastic. 

H: 1-2 (readily marks paper and soils the 

fingers). Greasy feel. 

Gime co 

Color: Black, with black streak. Luster metallic, 

sometimes dull, earthy. 

Occurrence: Graphite occurs commonly in metamorphic 
rocks such as crystalline limestones, schists, 
and gneisses. It is also present in hydrother- 
mal veins associated with quartz, ortho- 

clase, tourmaline, apatite, pyrite, and titan- 

ite. It may also occur as an original constitu- 
ent of some igneous rocks. 

Remarks: It is recognized by its black color, foliated 
nature, extreme softness, greasy feel, low 

specific gravity, and its easy marking on 

paper. It is distinguished from molybdenite 
by its black color (molybdenite has a blue 
tone), and black streak on porcelain 
(molydenite has a grayish-black streak). 

SULFIDES 

The sulfide group of minerals includes the majority of 

metallic ore minerals. With them are classified the sulfos- 

alts, the most common species of which, enargite, willbe 
discussed. 

Most of the sulfides are opaque with distinctive colors 

and characteristically colored streaks and with relatively 
high specific gravities. Those that are nonopaque, such 
as cinnabar, realgar, and orpiment, transmit light only on 

their edges. 

CHALCOCITE 

Crystal form: Usually not in crystals, most commonly 
massive and very fine grained. If in orthor- 
hombic crystals, usually small and tabular 
with hexagonal outline; striated parallel to 

the aaxis. 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

BORNITE 

Crystal form: 

Color: 

Occurrence: 

Remarks: 

GALENA 

Crystal form: 

Cleavage: 

Color: 

Prismatic {110} poor. Fracture conchoidal. 

25-3, imperfectly sectile 

5.5-5.8 

Shining lead gray, tarnished to dull black 
upon exposure. Streak grayish black. Luster 
metallic, although some chalcocite is soft 
and sooty. 

This is one of the most important copper ore 

minerals. It occurs as a primary mineral in 
hydrothermal veins, with bornite, chalcopy- 
rite, enargite, and pyrite. Its most common 

occurrence is as a supergene mineral in 
enriched zones of sulfide deposits, often 

forming “chalcocite blankets” at the level of 
the water table. It is also a constituent of 
“porphyry copper” deposits, disseminated 

throughout porphyrytic granodiorite intru- 
sives. (Porphyrytic is the term for the texture 

of an igneous rock in which larger crystals— 
phenocrysts—are set in a finer-grained 
groundmass. ) 

It is distinguished by its lead-gray color, a 
low degree of hardness, and slight sectility. 

Rarely in tetragonal crystals; usually 
massive. 

3 

5.06-5.08 

Brownish bronze on fresh surface but 

quickly tarnished to variegated purple and 

blue (hence called peacock ore) and finally 

to almost black on exposure. Luster metallic. 

Streak grayish black. 

Commonly associated with other sulfides 

such as chalcocite, chalcopyrite, covellite, 
pyrrhotite, and pyrite in hypogene deposits. 
It occurs less frequently as a supergene 

mineral in the upper enriched parts of 

copper veins. Also found as disseminations 

in basic rocks, in contact metamorphic 

deposits, and in pegmatites. 

Distinguished by its characteristic brown 
color on the fresh fracture and the purplish 

tarnish. 

Isometric crystals with the most common 

form the cube, sometimes truncated by the 
octahedron. Commonly in coarse- to fine- 
grained cleavable and granular masses. 

Cubic {001} perfect 

25 
7.4-7.6 

Lead-gray with lead gray streak. Luster 
bright metallic. 
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Occurrence: 

Remarks: 

SPHALERITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

Remarks: 

Galena is a very common metallic sulfide, 
found in veins associated with sphalerite, 
marcasite, chalcopyrite, cerussite, anglesite, 

calcite, quartz, barite, and fluorite. It also 

occurs in contact metamorphic deposits 

and in pegmatites. 

Easily recognized by its good cubic 
cleavage, high specific gravity, softness, 
and lead-gray color and streak. It is distin- 
guished from stibnite by its cubic cleavage, 

specific gravity, and darker color. 

Isometric with the tetrahedron, dodecahe- 
dron, and cube as common forms. Crystals 
are frequently highly complex and usually 
malformed or in rounded aggregates. Usual- 
ly in cleavable masses, coarse- to fine-gran- 

ular. Also compact, botryoidal, cryptocrys- 

talline. 

Dodecahedral {011} perfect but some 
sphalerite is too fine-grained to show cleav- 
age. 

35-4 
3.9-4.1 

Colorless when pure ZnS and green when 
nearly so. Commonly yellow, brown to black, 
darkening with increase in iron. Also red 
(ruby Zinc). Luster nonmetallic and resinous 

to submetallic; also adamantine. Transpar- 

ent to translucent. Streak white to yellow and 
brown. 

Sphalerite, the most common ore mineral of 

zinc, is widely distributed. Its occurrence 
and mode of origin are similar to those of 
galena, with which it is commonly associ- 
ated. 

Recognized by its striking resinous luster, 
perfect cleavage, and hardness (33-4). 
Sphalerite may be difficult to recognize 
because of its wide variability in color and 
luster, with yellow, yellow-brown, brown, and 
dark brown the most common colors. The 
dark varieties (black jack) can be told by the 

reddish-brown streak, always lighter than 
that of the massive mineral. 

CHALCOPYRITE 

Crystal form: 

Color: 

Tetragonal, commonly appearing tetrahedral 

on account of the disphenoid {112}. Usually 
massive. 

35-4; brittle 

3.1-3.4 

Brass yellow; often tarnished to bronze or ir- 
ridescent. Luster metallic. Streak greenish 
black. 

Occurrence: 

Remarks: 

PYRRHOTITE 

Crystal form: 

H: 

G: 

Color: 

Magnetism: 

Occurrence: 

Remarks: 

PENTLANDITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

Very common in occurrence and one of the 

most important ore minerals of copper. In 

low-temperature hydrothermal vein deposits 

it is found with galena, sphalerite, and dolo- 

mite. In higher-temperature deposits it may 

occur with pyrrhotite and pentlandite. It isa 

primary mineral of porphyry copper deposit 

(see also chalcocite). It is also found as a 

primary constituent of igneous rocks; in peg- 

matites; in contact metamorphic deposits; 

and disseminated in metamorphic schists. 

Recognized by its brass-yellow color and 

greenish-black streak. Distinguished from 

pyrite by being softer than a steel knife and 

from gold by being brittle. Known as “fool's 

gold,” a term also applied to pyrite. 

Hexagonal (for the high-temperature form), 

but crystals uncommon. Usually massive, 

granular. 

4 

4.58-4.65 

Brownish bronze. Luster metallic. Streak to 

black. Opaque. 

Intensity may be variable. Generally easily 
attracted to a magnet, but much less 

magnetic than magnetite. 

Occurs as disseminated grains in basic 

igneous rocks such as norites. In sulfide ore 

deposits commonly associated with pentlan- 

dite, chalcopyrite, and other sulfides. 

It is distinguished from chalcopyrite by its 

color and magnetism, and from pyrite by 

color and hardness. The massive variety 
may be associated with pentlandite, from 
which it is distinguished only with difficulty 
(see pentlandite, and Ni test). 

Isometric, but most commonly massive, in 

granular aggregates with octahedral parting. 

None; octahedral parting on {111}. 

35-4 

4.6-5.0 

Yellowish bronze. Luster metallic. Streak 
light bronze brown. Opaque. 

The major ore mineral for nickel, found in 

basic igneous rocks associated with nickel 
sulfides, pyrrhotite, and chalcopyrite; pro- 
bably formed by processes of magmatic 
segregation. 

Pentlandite closely resembles pyrrhotite, 
with which it is commonly associated. It is 
best distinguished from pyrrhotite by its oc- 



COVELLITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

CINNABAR 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

REALGAR 

Crystal form: 

NATIVE ELEMENTS, SULFIDES, AND A SULFOSALT AND THEIR PHYSICAL PROPERTIES 355 

tahedral parting and lack of magnetism. The 
presence of nickel can be quickly establish- 
ed by a test with dimethylglioxime. (When a 
little dimethylglioxime powder is dissolved in 
some water on a pentlandite specimen, a 

scarlet coloration forms, indicating the pres- 
ence of nickel.) 

Rarely in tabular hexagonal crystals. Usually 
massive as coatings or disseminations 
through other copper minerals. 

Basal {0001} perfect 

13-2 
4.6-4.76 

Indigo blue or darker. Often irridescent. 
Luster metallic. Streak lead gray to black. 
Opaque. 

It is not an abundant mineral but is com- 
monly found in most copper ore deposits as 
a supergene mineral. It is found with other 

copper minerals, mainly chalcocite, chal- 

copyrite, bornite, and enargite, and derived 
from them by alteration. 

Characterized by the indigo-blue color, 
micaceous cleavage yielding flexible plates, 
and association with other copper minerals. 

Hexagonal (for the low-temperature form), 

with rhombohedral or thick-tabular crystals 

(with well-developed base, {0001}) most 
common. Generally fine-granular, massive; 
also earthy, as incrustations and dissemina- 
tions through the host rock. 

Rhombohedral {1010} perfect 

25 
8.10 (when pure) 

Vermilion red when pure to brownish red 

when impure. Streak scarlet. Transparent to 

translucent. 

Cinnabar is the most important ore of 

mercury but is found at only a few localities. 

It occurs as impregnations and vein fillings 
near recent volcanic rocks and hot springs. 
Associated with pyrite, marcasite, stibnite, 

and sulfides of copper. Gangue minerals 

may include opal, chalcedony, quartz, 
barite, calcite, and fluorite. 

Recognized by its red color, scarlet streak, 
high specific gravity, and cleavage. 

Monoclinic, but crystals uncommon. Gen- 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

ORPIMENT 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

STIBNITE 

Crystal form: 

Cleavage: 

Color: 

Occurrence: 

erally coarse- to fine-granular and often 

earthy and as encrustations. 

Pinacoidal {010} good 

13-2, sectile 

3.48 

Red to orange. Streak also red to orange. 

Luster resinous. Translucent to transparent. 

Found in hydrothermal veins with orpiment, 
associated with lead and silver minerals, as 
well as with stibnite. It also occurs as a 

volcanic sublimation product and as a de- 
posit from hot springs. 

Distinguished by its red color, orange-red 
streak, resinous luster, and almost invariable 

association with orpiment. 

Monoclinic, but crystals rare. Usually in 

foliated, columnar, or fibrous masses. 

Pinacoidal {010} perfect. Cleavage laminae 
flexible but not elastic. 

15-2, sectile 

3.49 

Lemon yellow. Streak pale yellow. Luster 
resinous. Translucent. 

A rare mineral, associated usually with 

realgar and formed under similar conditions. 

Characterized by its yellow color, foliated 
structure, and excellent cleavage. Distin- 

guished from sulfur by its cleavage and 
sectility. 

Orthorhombic. Crystals common. Slender 

prismatic habit with the prism zone vertically 
striated. Most prisms appear bent or twisted 

as a result of translation gliding. Often in 

radiating crystal groups or bladed forms 

with prominent cleavage. Also massive, 
coarse- to fine-granular. 

Pinacoidal {010} perfect, with striations 
parallel to [100] 

2 

4.52-4.62 

Lead gray to black. Streak also lead gray to 
black. Metallic luster, splendent on cleavage 
surfaces. Opaque. 

Found in low-temperature hydrothermal 
veins or replacement deposits and in hot- 

springs deposits. It is associated with other 
antimony minerals that have formed as the 
product of its decomposition, and with 

galena, cinnabar, sphalerite, barite, realgar, 

orpiment, and gold. 
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Remarks: 

PYRITE 

Crystal form: 

Cieavage: 

Color: 

Occurrence: 

Remarks: 

MARCASITE 

Crystal form: 

H: 

G: 

Color: 

Occurrence: 

Characterized by its bladed habit, perfect 
cleavage in one direction, lead-gray color, 
and soft black streak. It is distinguished from 
galena by its cleavage, habit, and lower 

specific gravity. 

Isometric. Frequently in crystals. The most 
common forms are the cube, the faces of 
which are usually striated, the pyritohedron, 
and the octahedron. Also massive, granular, 
reniform, globular, and stalactitic. 

None. Fracture conchoidal. Brittle. 

6-65 (unusually hard for a sulfide) 

5.02 

Pale brass yellow; may be darker because 
of tarnish. Luster metallic, splendent. Streak 
greenish or brownish black. Opaque. 

One of the most common and widespread 

sulfide minerals, it is formed at both high 
and low temperatures. It occurs as mag- 
matic segregations, as an accessory mineral 
in igneous rocks, and in contact metamor- 

phic deposits and hydrothermal veins. It is 

also common in sedimentary rocks, espe- 
cially shales and limestones. In vein 
deposits it is associated with many minerals 
but most frequently with chalcopyrite, sphal- 

erite, and galena. 

Distinguished from chalcopyrite by its paler 
color and greater hardness, from gold by its 
brittleness and hardness, and from marca- 
site by its deeper color and crystal form. Py- 
rite is easily altered to limonite. Pseudomor- 
phic crystals of limonite after pyrite are 

common. Pyrite veins are usually capped by 
a cellular deposit of limonite, termed gos- 
san. 

Orthorhombic. Polymorphous with pyrite. 

Crystals commonly tabular on {010}; less 
commonly prismatic parallel to [001]. Often 
twinned, giving cockscomb and spear- 
headed groups. Usually in radiating forms. 
Often stalactitic, having an inner core with 
radiating structure and covered with 

irregular crystal groups. Also globular and 
reniform. 

6-65 
4.89 

Pale bronze yellow to almost white on fresh 

fracture. Yellow to brown tarnish. Streak 
grayish black. Luster metallic. Opaque. 

It is found in metalliferous veins, frequently 

Remarks: 

MOLYBDENITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

with lead and zinc ores. It is less stable than 

pyrite (being easily decomposed) and much 

less common. It is commonly found as a 

supergene mineral deposited at low 

temperatures, at near-surface conditions. It 

is also found as replacement deposits in 

limestone and in concretions in shales. 

Usually recognized and distinguished from 

pyrite by its pale yellow color, its crystals, or 

its fibrous habit. 

Hexagonal. Crystals in hexagonal plates or 

short, slightly tapering prisms. Commonly 

foliated, massive, or in scales. 

Basal {0001} perfect, with laminae flexible 

but not elastic. 

1-15, greasy feel 

4.62-4.73 

Lead gray. Streak grayish black. Luster 

metallic. Opaque. 

Found as an accessory mineral in some 
granites; in pegmatites and aplites. Com- 
mon in high-temperature vein deposits 

associated with cassiterite, scheelite, and 

fluorite. Also in contact metamorphic depos- 

its with Ca-silicates, scheelite, and chal- 

copyrite. 

Although molybdenite resembles graphite, it 
can be distinguished from it by higher 
specific gravity and by a blue tone to its 
color (graphite has a brown tinge). On 

glazed poreciain it gives a greenish streak, 
graphite a black streak. 

ARSENOPYRITE 

Crystal form: 

Cleavage: 

H: 

G: 

Color: 

Occurrence: 

Monoclinic. Crystals are commonly prismatic 
and elongated along the c axis and less 

commonly along the b. Sometimes with 
faces striated parallel to [101]. Also granular 

and compact. 

Prismatic {101} poor 

5$-6 
6.07 

Silver white. Streak black. Luster metallic. 

Opadaque. 

Arsenopyrite is the most common mineral 
containing arsenic. It occurs with tin and 
tungsten ores in high-temperature hydro- 
thermal deposits. Also associated with silver 

and copper ores, galena, sphalerite, pyrite, 

and chalcopyrite. Also found as an acces- 
sory in pegmatites, in contact metamorphic 

deposits, and disseminated in crystalline 
limestones. 



Remarks: 

ENARGITE 

Crystal form: 

Cleavage: 
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Distinguished from marcasite by its silver- 
white color. Unambiguous identification may 
require some chemical tests for As and S. - 

Orthorhombic. Crystals elongated parallel to 
the c axis and vertically striated. Also tabular 
parallel to {001}. Columnar, bladed, mas- 
sive. 

Prismatic {110} perfect, {100} and {010} 
distinct 

H: 

G: 

Color: 

Occurrence: 

Remarks: 

357 

3 

4.45 

Grayish black to iron black. Streak also 
grayish black to iron black. Luster metallic. 
Opaaque. 

Found in vein and replacement deposits 

formed at moderate temperatures associ- 

ated with pyrite, sphalerite, bornite, galena, 

and chalcocite. 

Characterized by its color and cleavage. 
Striated crystals are also diagnostic. 



EXERCISE 31 

METALLIC AND NONMETALLIC ORE MINERALS AND ORES: 

THEIR CLASSIFICATION, ASSOCIATIONS, AND ORIGIN 

PURPOSE OF EXERCISE 

(1) To review the common ore minerals (metallic and 
nonmetallic), their chemistry, and their common uses; 

(2) to gain some understanding of metallic ore deposits, 
their geologic origin, and their classification; and (3) to 
evaluate by laboratory study specimens and assem- 
blages from various ore deposits. 

BACKGROUND INFORMATION: The first part of 
this exercise is a review of the metallic and nonmetallic ore 
minerals, their compositions, and their common uses. 

With regard to the mineralogy of ores, it is necessary to 
introduce a few terms and their definitions: 

An orebody or ore deposit is a naturally occurring mate- 
rial from which a mineral or minerals can be extracted at 
a profit. Because of fluctuations in metal prices and costs 
associated with mining, many economic deposits of the 
past are uneconomic today and vice versa. Therefore, the 
term mineral deposit can be used for concentrations of 
economic minerals that have been ore deposits in the 
past, are ore deposits in the present, or could become ore 
deposits in the future. An ore mineral is the part of an ore 
that is economically desirable, as contrasted with gangue. 
Gangue is defined as the valueless rock or mineral matter 
that cannot be avoided in mining and is later separated 
and discarded. A mineral considered gangue in one 
deposit may be regarded as ore in another. For example, 
fluorite in small proportions (as an accessory) in a metal- 
lic vein deposit would be considered gangue, whereas 
fluorite in large concentrations and mined for the fluorite 
would be ore. 

Table 31.1 gives a listing of common metallic ore 
minerals, their compositions, and common uses of the 

metals, and Table 31.2 gives a list of nonmetallic ores, 

that is, industrial minerals and rocks, their compositions, 

and common uses. 
The second part of this exercise is concerned with the 

origin and classification of metallic ore minerals. If you have 
worked your way through exercises 22 through 30, you 
will have developed considerable skill in the identifica- 
tion of mineral specimens. Here you will be introduced 
to the evaluation of groups of minerals, that is, mineral 

assemblages (minerals that occur together) in various ore 
deposits. A mineral assemblage is a group of minerals that 
are in equilibrium—equilibrium meaning that the vari- 
ous minerals making up the assemblage are in a “happy 
coexistence” without obvious reaction textures or other 
indications (as deduced from their chemistry) of chemi- 
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cal disequilibrium. In hand specimen study of mineral 

assemblages, the observer is limited to the evaluation of 

textures. Examples of equilibrium textures are (1) the 

equigranular intergrowth of quartz, feldspars, and bi- 

otite in a granite and (2) the intimate intergrowth of 

pyrite, pyrrhotite, and chalcopyrite (with grains of each 

of the three sulfides touching grains of the other sulfides) 

ina high-temperature sulfide occurrence. An example of 

a reaction texture is a corona or corona texture, in which 

one mineral (or several minerals) has formed at the 
expense of some earlier mineral (or minerals). An ex- 
ample would be a rim of enstatite completely surround- 
ing an original high-temperature olivine; such a texture 
implies that the original olivine is not part of (not in 
coexistence with) the later lower-temperature assem- 
blage which includes enstatite as well as other minerals 
outside the corona. A mineral assemblage, therefore, 
records the mineralogy of an ore or rock specimen for a 
reasonably narrow range of temperature, pressure, and 
chemical conditions of formation. A series of assem- 
blages, as deduced from careful mineralogical and tex- 
tural study of ore and rock specimens, allows one to infer 
a possible depositional, or paragenetic, sequence. An origi- 
nal high-temperature assemblage that has undergone 
subsequent conditions of lower T, and P, and perhaps 
more hydrous conditions as well, leaving relicts of the 
original assemblage within a newly formed, later assem- 
blage, is an example. 

A mineral assemblage as defined earlier is quite differ- 
ent from a mineral association. A mineral association con- 
sists of all minerals that may be found in an ore or rock 
specimen; they are simply the minerals that occur to- 
gether irrespective of their relative timing and without 
implications regarding equilibrium. As such, the min- 
eral association of an ore or rock specimen may well be 
split into two or more specific mineral assemblages 
(reflecting quite different conditions of origin as, for 
example, high-temperature igneous for the original as- 
semblage with a later, low-temperature metamorphic 
overprint). Therefore, a series of assemblages will to- 
gether constitute the total mineral association. As a re- 
sult, the number of minerals present in an association is 
generally greater than that in an assemblage, and also 
generally greater than that allowed by the phase rule (as 
defining equilibrium conditions). 

Rock types such as igneous, metamorphic, and sedi- 
mentary (see exercises 32 through 34) are formed over 
various temperature and pressure regimes. Similarly, 
ore deposits form over a wide range of temperatures, 

Copyright John Wiley & Sons, Inc. 
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pressures, and geological conditions. The mineral asso- 
ciation and the texture and structure of its occurrence can 
reveal, even in hand specimens, a considerable amount 

about the conditions of origin of an ore type. The origin 
of ore deposits and their classification is a very large field 
of knowledge and research, and this exercise is only a 
brief introduction to the broad field of economic geology 
and ore petrology. Figure 31.1 gives a genetic classification 
of ore deposits and Table 31.3 lists examples of the ore 
deposits formed by such processes. In Fig. 31.1 and 
Table 31.3 there are several terms that may be new to you. 
Most of these are defined in the following list. 

Placer deposit-a surficial mineral deposit formed by 
the mechanical concentration of mineral particles from 
weathered debris. The mineral concentrated is usu- 
ally aheavy mineral suchas gold, cassiterite, or rutile. 

Supergene enrichment—a process by which near-sur- 
face sulfides are oxidized and the metals in solution 
are reprecipitated as either oxides (e.g., cuprite) or 
carbonates (e.g., malachite) above the water table, or 

as sulfides (e.g., chalcocite, covellite) below the water 

table. In the upper layer supergene oxide ores form, in 
the lower supergene sulfide ores (see Fig. 31.2). The 
upper oxidized part of such zones is knownas thezone 
of oxidation and leaching; there the original minerals 
have been severely altered, with ubiquitous forma- 
tion of limonite, giving rise to gossan. 

Hydrothermal origin-the processes of ore deposition 
from heated waters of any origin (magmatic, meta- 

morphic, connate, meteoric, etc.). 

Epithermal-pertaining to a hydrothermal deposit 
formed within about 1 km of the earth’s surface and in 
a T range of 50° to 200°C, occurring mainly as veins. 

Red beds-sedimentary strata composed largely of 
sandstone, siltstone, and shale, with locally thin units 

of conglomerate, they are predominantly red because 
red hematite coats individual mineral grains. 

Fumarole—a volcanic vent from which gases and vapors 
are emitted. 

Hypabyssal-pertaining to anigneous intrusion whose 
depth is intermediate between that of the plutonic 
layer and the surface. 

Porphyry copper-a large body of rock, typically a 
granitic porphyry, that contains disseminated chal- 
copyrite and other sulfide minerals. 

Immiscible liquid or melt-said of two components of 
aliquid or melt that cannot completely dissolve in one 
another, for example, oil and water, or sulfide melt 
and silicate melt. 

Pegmatite—an exceptionally coarse-grained igneous 
rock, usually found in irregular dikes, lenses, or veins, 
especially at the margins of batholiths. 

Stratiform ore deposit-a deposit in which the ore min- 

erals constitute one or more sedimentary, metamor- 

phic, or igneous layers. Examples are beds of salt or 

beds of iron oxide, or layered igneous complexes with 

layers rich in chromite or platinum metals. 

Greisen-a hydrothermally altered granitic rock com- 

posed largely of quartz, mica, and topaz. Tourmaline, 

fluorite, rutile, cassiterite, and wolframite are com- 

mon associations. 

Skarn ore-asilicate gangue or contact-metamorphosed 

rock composed of Ca-rich silicates such as garnet, py- 
roxene, and amphibole, and ore minerals such as 

magnetite and hematite. 

With this brief introduction to ore minerals, their 

chemistry and uses, as well as their classification and 
occurrence, you are ready to evaluate ore specimens and 
ore associations in hand specimens in the laboratory. 
Although large-scale features of ore deposits such as 
their structure and regional setting cannot be deduced 
from hand specimen materials, a great deal can be learned 
by careful observation of ore and host rock specimens. A 
host rock is any body of rock that serves as the host for a 
particular ore mineralization or deposit. 

In the hand specimen study of ore minerals, two 
aspects must be carefully evaluated: (1) the assemblages 
of the ore minerals and (2) the associations of the ore 
minerals with the gangue and surrounding host rock. 
Although textures of ore minerals are best studied in 
polished sections using a high-magnification microscope, 
in hand specimen observation a hand lens, a binocular 
microscope, or both will have to suffice. The observed 
assemblages are commonly represented graphically. An 
example of various mineral assemblages in the system 
Cu-Fe-S is shown in Fig. 31.3. Here the stoichiometric 
compositions of various sulfides and some native ele- 
ments are plotted on a triangular diagram. The heavy 
lines between mineral pairs (also known as tielines) indi- 
cate coexistence. Triangles, therefore, indicate the coex- 
istence of three mineral pairs. For example, the triangle 
pyrite-pyrrhotite-chalcopyrite means that there are 
specimens in which pyrite-pyrrhotite, pyrrhotite—chalco- 
pyrite, and chalcopyrite-pyrite occur in contact. An 
evaluation of the mineral assemblage is the first step in 
an assessment of the possible origin of the ore and 
gangue minerals in an ore deposit. With reference to Fig. 
31.3, the native copper—chalcocite-digenite—covellite as- 
sociations are indicative of supergene conditions; the 
bornite-chalcopyrite-pyrite assemblages are common 
in hydrothermal veins, or in sulfide ores related to igne- 
ous activity; and the native iron-troilite assemblage is 
found only in meteorites. 

Another aspect of the ore and gangue, as well as of 
host rock specimens, that must be carefully evaluated is 
their macroscopic textures. The texture of a rock or mineral 



FIGURE 31.1 Schematic flow sheet for a genetic classifica- flow sheet published by Skinner and Barton, 1973 (see refer- 
tion of ore deposits. Dashed boxes denote the movement of ence list). (This modification is reproduced, with permission, 
material, solid boxes are deposits, and arrows represent ge- from the Annual Review of Earth and Planetary Sciences, vol. 1, 
netic relationships and processes. See Table 31.3 for a tabula- copyright © 1973, by Annual Reviews, Inc., and with permis- 
tion of ore deposit types asa function of processes of formation. sion of M. T. Einaudi, Stanford University, Palo Alto, Califor- 
This flow sheet is a modification by M. T. Einaudiof the original nia.) 
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TABLE 31.3 Examples of Ore Deposits Classified According to Processes of Formation 

I. Deposits Formed at the Surface by Surface Processes at Ambient Temperatures. The Waters 

Are Groundwater or Ocean Water. 

A. Involving chemical or clastic sedimentary processes 

1. Placers? and beach sands: Au, Cr, Ti, Sn, Pt, diamonds (ancient and modern). 

2. Evaporites and brines: K,O, NaCl, gypsum. Na carbonates and sulfates. Nitrates, 

Sr, Br, I, CaCl, MgO. 

3. Precambrian banded iron-formations: Fe and Au (volcanic input?). 

4. Submarine Mn—Cu-Ni-Co nodules; Fe-Mn oozes (modern). 

B. Weathering 

1. Laterites, bauxite: Al, Ga; Ni. 

2. Supergene enrichment; oxide and sulfides of Cu. 

C. Deposited from groundwater in sandstone sequences 

1. Roll-front (Wyoming-type) sandstone: U. 

2. Tabular (Grants, New Mexico-type) sandstone: U. 

II. Deposits Formed at or Near the Surface (<} km) by Low to Moderate-Temperature (100°-300°C) 

Hydrothermal Fluids. The Waters Are Dominantly of Meteoric, Ocean, or Connate Origin. 

A. Contemporaneous with submarine volcanism 

1. Ophiolite-type (Cyprus) massive sulfides: Cu, Ag, Au, Zn. Modern analogues are the 

“black smokers,” massive sulfide mounds in the East Pacific Rise. 

2. Kuroko-type massive sulfides: Pb, Zu, Cu, Ag. 

3. Basalt-graywacke-type massive sulfides: Cu, Zn. 

B. Penecontemporaneous with cratonic sedimentary basins, prelithification (from connate waters 

or basinal brines) 

1. Sullivan-type (British Columbia) and McArthur River-type (Australia) shale-hosted 
stratiform massive sulfides: Pb, Zn, Ag. Modern analogues are Red Sea metalliferous muds. 

2. Zambian-type stratiform; stratibound copper in siltstone: Cu, Co, Ag (at relatively low T) 

C. In cratonic basins but postlithification; open-space filling and replacement (from connate waters, 
basinal brines, and metamorphic water) 

1. Mississippi Valley type; carbonate-hosted: Pb, Zn. 

2. Proterozoic unconformity (Athabasca type): U. 

D. Continental hot spring environments (meteoric water) 

1. Hot-springs type, McLaughlin, California: Hg, Au. Modern analogues are geothermal systems 

2. Volcanic sulfur. Modern analogues are active volcanic fumaroles 

3. Epithermal precious metal veins, Comstock, Nevada: Ag, Au 

association includes the geometric aspects of, and the 
mutual relations among, its component mineral grains, 
that is, the size, shape, and arrangement of the constitu- 
ents, as well as their crystallinity and fabric. The textures 
of ore bodies vary according to whether the constituent 
minerals were formed by deposition in an open space 
from an aqueous solution or from a silicate melt, or by 
replacement of preexisting rock or ore minerals. Subse- 
quent metamorphism may completely alter any primary 
textures. The types of textural observations that can be 
made in hand specimens include the following. 

1. In open space filling veins, breccias, and other partly 
filled openings contain vugs and cavities that can be 
interpreted as spaces left by incomplete filling of 
larger open spaces. Other expressions of open-space 

filling are the encrustation (or crustification) of earlier 
formed minerals by later minerals, and colloform tex- 
tures, which are successively deposited, fine onion- 

skin-like layers that can form only in open spaces. 
Examples of open space filling are shown in Figs. 31.4a 
and b. 

2. Magmatic textures are the result of precipitation from 
a silicate melt. Oxide minerals such as chromite com- 
monly crystallize early froma melt and may therefore 
be in euhedral crystals. These crystals tend to occur as 
well-defined layers in the host rock and are the result 
of settling and accumulation of the early crystals in the 
melt. When oxide and silicate minerals crystallize 
simultaneously, textures typical of granites develop 
(in which all mineral grains are anhedral) asa result of 

the mutual interference of the grains during growth. 
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TABLE 31.3 (continued) 
SEES ierereemnnemerrrerereeee ee 
III. Deposits Formed at Shallow Levels in the Crust (1-5 km) by Moderate- to High-Temperature 

(250°-550°C) Hydrothermal Processes in or Near Intermediate to Felsic Igneous Intrusions. 
The Waters Are of Mixed Meteoric-Magmatic-Metamorphic Origin. 
A. In or near cupolas of small porphyry stocks 

1. Cordilleran base—metal lodes, veins, Butte, Montana: Cu, Pb, Zn, Ag, Mn 

2. Porphyry copper-molybdenum, Bingham, Utah: Cu, Mo. 
3. Climax-type (Colorado) high-silica rhyolite porphyry: Mo, Sn, W, F, Zn, Pb. 
4. Greisen: Sn, W, Mo, F, Zn. 

B. Replacement deposits in carbonate rocks, near felsic stocks 

1. Massive sulfide—silica—carbonate replacement bodies: Pb, Zn, Ag, Mn, Cu. 

2. Base—metal sulfide, magnetite, and tin skarns: Fe, Cu, Zn, Pb, Sn, and the like. 

C. Ina mesabyssal plutonic and metamorphic environment 

1. Metamorphic gold—quartz veins: Au. 

2. Tungsten-rich skarns. 

IV. Deposits Formed by Magmatic Processes 

A. Involving magmas with highly volatile substances 

1. Pegmatites: Li, Sn, Ta, Nb, Bi, Be, REE. 

2. Carbonatite—alkalic complexes: Nb, P, REE, U, Cu. 

3. Kimberlites: diamond. 

B. Involving fractional crystallization 

1. Stratiform Bushveld-type (South Africa) chromite: Cr. 

2. Podiform Alpine-type chromite in peridotite and gabbro: Cr. 

3. Stratiform vanadiferous magnetite: V. 

C. Involving immiscible oxide liquid 

1. Anorthosite massifs: Ti. 

D. Involving immiscible sulfide liquid 

1. Mafic Sudbury type (Ontario) and Duluth type: Ni, Cu sulfide. 

2. Ultramafic type (komatiitic): Ni, Cu sulfide. 

3. Zoned ultramafic-felsic, Alaskan type: platinum group metals 

4. Gabbroic zone, Merensky Reef type (Zimbabwe): platinum group metals, 
Cu, Ni, Ag, Au 

*Many of the terms are defined in the text. 

Source: By permission of M. T. Einaudi, Stanford University, Palo Alto, California. 

Sulfides, because of their lower temperatures of crys- 
tallization, generally form after associated silicates 
and will commonly occur as anhedral grains intersti- 
tial to silicate grains. 

. Replacement textures are formed when one mineral 
dissolves and another is simultaneously deposited in 
its place, without the intervening development of 

appreciable open spaces, and commonly without a 
change in volume. Replacement processes can affect 
ore and gangue minerals. Pseudomorphism in which 
a preexisting mineral has been replaced by another is 
the most obvious example of replacement. A well- 
known example is that of quartz pseudomorphous 
after fluorite; the crystal form of fluorite is completely 
preserved by the later quartz. An original texture of 
a sedimentary rock may also be pseudomorphic, as 
shown, for example, by hematite oolites in banded 

iron formations. Other evidence for replacement, al- 

though more difficult to assess in hand specimens, is 

given by islands of unreplaced host mineral or wall 
rock, by the nonmatching nature of walls or borders of 
a fracture, and by replacement envelopes (see Fig. 
31.4c). 

Yet another aspect of ore deposits and their mineral 
associations that can be observed in hand specimens is 
wall rockalteration. This alteration is generally best seen in 
the country rocks (or host rocks) that enclose hydrothermal 
ore deposits. The heated circulating solutions have al- 
tered the original mineralogy of the host rock over dis- 
tances several inches to many feet away from a vein. 
Such alteration may be expressed in well-defined zones 
or envelopes. The most obvious types of alteration that 
can be observed without the aid of a microscope are (1) 
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FIGURE 31.3 Some of the most common sulfides repre- 
sented in the Cu-Fe-S system. Many of these sulfides (e.g., 
bornite and chalcopyrite) show some solid-solution of Cu and 
Fe in particular; this is not shown in the diagram. Tielines 

S 

Covellite 
CuS 

Bornite 
CusFeS4 

Digenite 

CugSs5 

Chalcocite 

Native 
copper 

kaolinite formation at the expense of plagioclase, (2) 
montmorillonite formation after amphiboles and plagio- 
clase, and (3) sericite forming as an alteration product of 
all primary rock-forming silicates such as feldspars, 
micas, and mafic minerals. Hand specimens of primary 
igneous rocks, such as from porphyry copper deposits 
(see Fig. 31.4d), sometimes contain sulfide veinlets cut- 
ting across them, an example of wall rock alteration. 

Chalcopyrite 

connect commonly occurring pairs of minerals. Triangles indi- 
cate coexistences of the three sulfides. The Fe-S coexistence is 
common in iron meteorites. (From Manual of Mineralogy, 21st 
ed., Fig. 10.19, p. 354.) 

Native 
sulfur 

Atomic % 

Pyrite, 
marcasite, 

FeSo 

Pyrrhotite, 
kenees 

Troilite, FeS 
(in meteorites) 

CuFeS2 

Fe 
Native 
iron 
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MATERIALS 

This exercise is most successful if a range of hand speci- 
mens for several ore deposits of diverse origin are avail- 
able for study. Suites of ore specimens as well as host 
rock or wall rock specimens for various deposits (classi- 
fied in Table 31.3) of diverse origin would be (1) mag- 
matic (intrusive) ores, (2) porphyry-type ores, (3) peg- 
matitic ores, (4) ores with volcanic associations, (5) vein 

ores of various types, (6) skarn ores, (7) ores that are the 

result of chemical sedimentation (e.g., evaporites and 
banded iron-formations), (8) stratiform ores formed in 

sedimentary environments, and (9) Witwatersrand-type 
placer ores. If at all possible the suite should include 
average ore types as well as typical host rock, in addition 
to the more unusual mineralogical specimens that are 
commonly part of university and museum collections. 
Use of a hand lens, a binocular microscope, or both is 

essential in the recognition of fine-grained intergrowths 
and alteration of minerals. A photocopy of a triangular 
diagram (such as Fig. 21.2) is needed if you are asked to 
represent associations graphically. 

If no specimen material is available, this exercise will 

provide you with an introduction to and review of 
metallic and nonmetallic ore minerals, their genesis, and 
classifications. 

ASSIGNMENT: This assignment is based on the availa- 
bility of representative suites of ore and wall rock (or host 
rock) specimens, for ore deposits of various origins. 

1. For each suite of minerals and rocks (for a specific ore 

deposit type) handle and observe as many of the 

specimens as are available. In exercises 22 through 30 

you have in all likelihood learned mineral identifica- 
tion by the study of unusual mineral specimens, that 
is, mineral specimens that consist commonly of only 
one mineral in a generally coarse-grained form. Such 
mineral specimens are rare and are generally ac- 
quired specifically for courses in mineralogy. In this 
exercise (as well as the three that follow), you must 
extend your mineral identification skills to more usual 
specimens, to specimens in which several minerals 
may be closely intergrown with grain sizes much 
smaller than you have become accustomed to. After 
careful study of all of the specimens for a deposit, list 
in Table 31.4 all the minerals that are found in the ore 
specimens, and all the minerals that make up the wall 
rock. In the ore specimens you should distinguish be- 
tween ore and gangue minerals and the assemblages 
among them. For complex Cu-Fe-S ores you may 
wish to plot the sulfide assemblages on a triangular 
diagram, as outlined in exercise 21. 

2. Study and describe the textures exhibited by the ore 
minerals as well as the wall rock or host rock samples. 
For example, decide whether the specimens have 
magmatic or volcanic textures; whether any banding 
present reflects asedimentary origin; or whether there 
are well-developed crosscutting relationships and 
open-space-filling features, as in vein deposits, and so 
on. Report your findings in Table 31.4. 

3. Note the presence of wall rock alteration and describe 
its features in Table 31.4. 

4. On the basis of your observations of the mineralogy 
and textures of each suite of specimens, decide on a 
possible origin for each ore and wall rock suite. Con- 
sult Table 31.3 and then enter your conclusions about 
the origin of each in Table 31.4. 

5. In the last column of Table 31.4 enter the metal (or 
metals) for which specific ore specimens (or ore suites) 
would be mined. 
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FIGURE 31.4 Open-space fillings. (a) A cross section of a vein 
assemblage showing encrustation, which is crustiform band- 
ing. (b) Colloform banding of malachite in what was originally 
an open space in the wall rock. Replacement. (c) Replacement 
envelope localized by fractures. Notice the irregular margins 
and the widening of the envelope at intersections. Wall rock 
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alteration. (d) A polished surface of two veinlets cutting across 
each other ina porphyry copper deposit. The large phenocrysts 
in the host granite are plagioclase partially altered to montmo- 
rillonite. The veinlets are mostly quartz and sericite with the 
horizontal veinlet having pyrite along the central seam. 
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EXERCISE 31 
Student Name 

TABLE 31.4 Record of Mineralogical and Textural Findings on Suites of Hand Specimens from Ore Deposits, 
and Your Brief Conclusions about Their Origin 

Consult Table 31.3 and Fig. 31.1. 

Mineral Assemblages: 
Distinguish assem- 
blages of ore minerals 
from gangue; also 
record the mineralogy 
of the host rock 

Rock Specimen 
Number 

Types of Textures: 
Note the type of 
possible wall rock 
alteration 

Brief Statement 
about the Origin of 
a Suite of Specimens 

The Metal or Metals 
for Which This 
Specimen Is an Ore 

Please make photocopies of this form if more copies are needed. 

Copyright John Wiley & Sons, Inc. 
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EXERCISE 32 

IGNEOUS ROCKS IN HAND SPECIMENS 

AND THEIR CLASSIFICATION 

PURPOSE OF EXERCISE 

Identification of minerals that together compose igneous 
rocks, and subsequent classification of igneous rocks on 
the basis of their mineralogy and textures. 

BACKGROUND INFORMATION: 

a. General occurrence and texture. There are two types of 
igneous rocks, extrusive and intrusive. The first group 
includes igneous rocks that reached the earth’s surface in 
a molten or partly molten state. Modern volcanoes pro- 
duce lava flows that pour from a vent or fracture in the 
earth’s crust. Such extrusive or volcanic rocks tend to cool 
and crystallize rapidly, with the result that their grain 
size is generally small. If the grain size of the rock is so 
fine that the mineral constituents cannot be distinguished 
by the unaided eye (or with a 10x magnification hand 
lens), it is referred to as aphanitic, from the Greek root 

aphano, meaning invisible. If the cooling has been so 
rapid as to prevent the formation of even small crystals 
of the mineral constituents, the resulting rock may be a 
glass. Ordinarily the mineral constituents of fine-grained 
extrusive rocks can be determined only by microscopic 
examination of thin sections of the rocks. 

Intrusive or plutonic rocks are the result of crystalliza- 
tion from a magma that did not reach the earth’s surface. 
Large magmatic intrusions that are irregularly shaped 
and discordant with the surrounding country rock are 
referred to as batholiths or stocks, depending on their size. 
A magma that is deeply buried in the earth’s crust 
generally cools slowly, and the mineral constituents 
crystallizing from it have time to grow to considerable 
size, giving the rock a medium- to coarse-grained tex- 
ture. The mineral grains in these rocks can generally be 
identified with the naked eye, and such rocks are re- 
ferred to as phaneritic, from the Greek word phaneros, 
meaning visible. When a magma intrudes as a tabular 
body concordant with the country rock, it is known as a 
sill; if discordant, it is called a dike. The textures of sills 

and dikes are usually finer-grained than those of other 
plutonic rocks but coarser than those of volcanic rocks; 
these rocks of intermediate grain size are known as 
hypabyssal, from the Greek words hypo,. meaning less 
than, and abyssos, meaning deep. 

Some igneous rocks show distinct crystals of some 
minerals embedded in a much finer-grained or glassy 
matrix. The larger crystals are phenocrysts, and the finer- 
grained material is the groundmass. Such rocks are known 

Copyright John Wiley & Sons, Inc. 

as porphyries. The phenocrysts may vary in size from 
crystals an inch or more across down to very small indi- 
viduals. The groundmass may be composed of fairly 
coarse-grained material, or its grains may be micro- 
scopic. The difference in size between the phenocrysts 
and the particles of the groundmass is the distinguishing 
feature of a porphyry. The porphyritic texture develops 
when some of the crystals grow to considerable size 
before the main mass of the magma consolidates into the 
finer-grained and uniformly grained material. Many 
types of igneous rocks may have a porphyritic variety, 
such as granite porphyry, diorite porphyry, rhyolite por- 
phyry. Porphyritic varieties are most common in vol- 
canic rocks. 

b. Chemical composition. The bulk chemical composi- 
tions of igneous rocks exhibit a fairly limited range. The 
most abundant oxide component, SiO,, ranges from 
about 40 to 75 weight percent in common igneous rock 
types (see Table 32.1 and Fig. 32.1). ALO, ranges gener- 
ally from about 10 to 20 weight percent (except for 
peridotite and dunite; see analyses in Table 32.1) and 
each of the other major components generally does not 
exceed 10 weight percent (except MgO in peridotite and 
dunite; see Table 32.1). 

When the magma is fairly low in SiO,, the resulting 
rocks will contain mainly relatively silica-poor but Fe-Mg- 
rich minerals such as olivine, pyroxene, hornblende, or 

biotite, calcic plagioclase, and little or no free SiO, (i.e., 

quartz, cristobalite, tridymite; see Fig. 32.1). These rocks, 

which tend to be dark because of their high percentage of 
ferromagnesian minerals, are known as mafic rock types. 
Rocks rich in ferromagnesian minerals without plagio- 
clase are knownas ultramafic, that is, peridotite (see Table 
32.2). When the melt is poor in SiO, subsiliceous, or silica- 
undersaturated, and high in alkalies and ALO, (as in 
nepheline syenite; see Table 32.1), the resultant crystalli- 
zation products will contain SiO,-poor minerals such as 
feldspathoids and will lack free SiO, as quartz (see Fig. 
32.1). Crystallization of a melt high in SiO, (silica-over- 
saturated) forms rocks with abundant quartz and alkali 
feldspars, with or without muscovite, and only minor 

amounts of ferromagnesian minerals. Such rock types 
are referred to as felsic (alkali feldspar-rich) or silicic, and 
are lighter in overall color than mafic rocks. In general, 

the darker the rock the greater the abundance of ferro- 
magnesian minerals and the lighter the rock the greater 
the abundance of quartz, feldspars, or feldspathoids. 

370 
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TABLE 32.1 Average Chemical Composition of Some Igneous Rocks 

Oxide Seiad Syenite Granite Tonalite Diorite Gabbro Peridotite Dunite 

SiO, 54.83 59.41 72.08 66.15 51.86 48.36 43.54 40.16 

TiO, 0.39 0.83 0.37 0.62 1.50 132 0.81 0.20 

ALO, 22.63 17.12 13.86 15.56 16.40 16.84 3.99 0.84 

FeO; 1.56 2.19 0.86 1.36 272 2:00 251 1.88 

FeO 3.45 2.83 1.67 3.42 6.97 792 9.84 11.87 

MnO trace 0.08 0.06 0.08 0.18 0.18 0.21 0.21 

MgO trace 2.02 0.52 1.94 6.12 8.06 34.02 43.16 

CaO 1.94 4.06 133 4.65 8.40 11.07 3.46 0.75 

Na,O 10.63 3.92 3.08 3.90 3.36 2.26 0.56 0.31 

K,O 4.16 6.53 5.46 1.42 1.33 0.56 0.25 0.14 

H,O 0.18 0.63 0.53 0.69 0.80 0.64 0.76 0.44 

FO: — 0.38 0.18 0.21 0.35 0.24 0.05 0.04 

Total 99.77 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

SOURCE: All analyses except that for nepheline syenite from S. R. Nockolds, 1954, Geological Society of American Bulletin, vol. 65, 
pp- 1007-1032. 

TABLE 32.2 Simplified Classification of the Igneous Rocks 

No Quartz, 
Quartz > 5% No Feldspathoids Nepheline or Leucite > 5% 

Feldspar Coarse Fine Coarse Fine Coarse Fine 

K-feldspar #> Granite Rhyolite Syenite Trachyte Nepheline Phonolite 
plagioclase syenite 

Leucite Leucite 
syenite phonolite 

Plagioclase > Granodiorite Dacite - Monozonite _Latite Nepheline 
K-feldspar monzonite 

Plagioclase Tonalite Quartz Monzodiorite _Latite Nepheline 
(oligoclase or andesite basalt diorite 
andesine) 

Plagioclase Quartz diorite Andesite Gabbro Basalt Nepheline Tephrite 
(labradorite to Peridotite gabbro (- olivine) 
anothite) (olivine Basanite 

dominant) (+ olivine) 

No feldspar Pyroxenite ljolite Nephelinite 
(pyroxene (- olivine) 
dominant) Nepheline 
Hornblendite basalt 
(hornblende (+ olivine) 
dominant) 

——— See 
*K-feldspar includes orthoclase, microcline, and microperthite; in high-T volcanic rocks it can be sanidine or anorthoclase. 
SOURCE: From Manual of Mineralogy, 21st ed., p. 564. 
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FIGURE 32.1 Relationships of variation in chemical and 
mineral compositions of igneous rocks. (From Manual of Min- 
eralogy, 21st ed., p. 561.) 

Nepheline 
Syenite Syenite Granite 

Weight percent 

K-feldspar 

Volume percent 

‘ 

c. Classification. Because of considerable variation in 
magmas in both chemistry and conditions of crystalliza- 
tion, igneous rock types show a wide variation in miner- 
alogy and texture. There is a complete gradation from 
one rock type into another, so the names of igneous rocks 
and the boundaries between types are largely arbitrary 
(see Figs. 32.1 and 32.2). 

Many schemes have been proposed for the classifica- 
tion of igneous rocks, but the most practical for the 
introductory student is based on mineralogy and tex- 
ture. In general, four criteria are to be considered in 
classifying an igneous rock. (1) The relative amount of 
silica; quartz (or tridymite or cristobalite) indicates an 
excess of silica; feldspathoids indicate a deficiency of 

Tonalite 
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Quartz 

diorite Gabbro Peridotite Dunite 

Plagioclase 
feldspar 

silica. (2) The kinds of feldspar (alkali feldspar versus 
plagioclase) and the relative amount of each kind. (3) The 
relative amounts and types of dark minerals. (4) The 
texture or size of the grains. Is the rock coarse- or fine- 
grained; that is, is it plutonic or volcanic? 

It is clear that the exact determination of the kind of 
feldspar is impossible in the hand specimen. In many 
fine-grained rocks it is also impossible to recognize indi- 
vidual minerals. Such precise work must be carried out 
by the microscopic examination of thin sections of rocks. 
Nevertheless, it is important that the basis for the general 

classification be understood in order that a simplified 
hand specimen classification may have more meaning. 

Three major divisions may be made on the basis of the 
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silica content. (1) Quartz present in amounts greater than 
5% (silica-oversaturated). (2) No quartz and no feldspa- 
thoids present (silica-saturated). (3) Feldspathoids in 
amounts greater than 5% (silica-undersaturated). These 
three divisions made on the basis of silica content are 
then subdivided according to the kind and amount (or 
the absence) of feldspar. Most of the rocks thus classified 
have coarse-grained and fine-grained varieties, which 
receive different names. Figure 32.2 illustrates the classi- 
fication of the principal plutonic and volcanic rock types. 
Table 32.2 gives examples of the principal rock types 
according to such a classification. Although these rock 
names are the most important, more than 600 have been 
proposed to indicate specific types. 

d. Mineralogical composition. Many minerals are found 
in the igneous rocks, but those that can be called rock- 
forming minerals are comparatively few. Table 32.3, 
which lists the major mineral constituents of igneous 
rocks, is divided into two parts: one part gives the 
common rock-forming minerals of igneous rocks and the 
second the accessory minerals of igneous rocks. Table 
32.4 gives a volume percentage listing of mineral con- 
stituents in some common plutonic rock types. Figure 
32.3 should be used as a guide for estimating the volume 
percentage of mineral constituents in the medium- to 
coarse-grained rocks. Such volume percentage estimates 
become impossible in very fine grained rocks (such as 
many extrusive igneous rock types) without the aid of a 
petrographic microscope. 
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MATERIALS 

A representative suite of diverse igneous rock types 

must be available in the laboratory. Most of the speci- 

mens should be intrusive because their relatively coarse 

grain size allows for mineral identification in hand speci- 

mens. A hand lens, a binocular microscope, or both 

should be available for this assignment. 

ASSIGNMENT 

1. Identify all the minerals present in each assigned 
specimen, and record their names in Table 32.5. 

2. Estimate the volume percentage of each of the identi- 
fied minerals, with the aid of Fig. 32.3, and record the 
estimated percentages next to the appropriate min- 
eral name in Table 32.5. Record any mineral present in 
less than about 2 volume percent as a trace. The com- 
bination of the mineralogy and the volume percent- 
age estimate of each of the minerals gives you the mode 
of the rock. 

3. Carefully observe the texture of each of the rock types 
and record your observations in Table 32.5. The types 
of textural observations include grain size such as 
fine-, or medium-, or coarse-grained; aphanitic, porphy- 
ritic, in which larger crystals, phenocrysts, are set ina 

finer-grained groundmass; pegmatitic, which describes 
the texture of an exceptionally coarse grained igneous 
rock; and so on. 

4, On the basis of your findings on mineralogy, volume 
percentage of minerals, and texture, and with the aid 

of Fig. 32.2 and Tables 32.2. and 32.4, determine the 
appropriate rock name for each of the specimens. 
Record these in Table 32.5. 

5. Last, make a brief entry in Table 32.5 on the origin of 
the rock type, such as volcanic versus intrusive, or 

high-temperature versus low-temperature, or fast- 
cooled versus slowly cooled, and so on. 
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FIGURE 32.2 General classification and nomenclature of (a) Quartz 
some common plutonic rock types and (b) some common 
volcanic rock types. This classification is based on the relative 
percentages of quartz, alkali feldspar, and plagioclase, meas- 
ured in volume percent. (Adapted from Subcommission on the 
Systematics of Igneous Rocks, Geotimes, 1973, vol. 18, no. 10, pp. 
26-30, and D. W. Hyndman, 1972, Petrology of Igneous and 
Metamorphic Rocks, McGraw-Hill, New York, Piao.) 
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TABLE 32.3 Mineralogy of the Igneous Rocks 

Common Rock-Forming Minerals Common Accessory Minerals 

1. Quartz, tridymite, cristobalite 1. Zircon 

2. Feldspars 2. Titanite 
Orthoclase 3. Magnetite 
Microcline Aaenie 
Sanidine : 

Plagioclase 5. Hematite 

3. Nepheline 6. Apatite 

4. Sodalite 7. yrite 

5. Leucite 8. Rutile 

6. Micas 9. Corundum 
Muscovite 10. Garnet 

Biotite 
Phlogopite 

7. Pyroxenes 
Augite 
Orthopyroxene 
Aegirine 

8. Amphiboles 
Hornblende 
Arfvedsonite 
Riebeckite 

9. Olivine 

SOURCE: From Manual of Mineralogy, 21st ed., Table 14.3, p. 564. 

TABLE 32.4 Approximate Mineral Compositions of Some Plutonic Rock Types (in Volume Percent*) 

pee ranite Syenite bea aes Diorite Gabbro bobs, Diabase Dunite 

Quartz 25 21 20 2 

Orthoclase and 
microperthite 40 72, 15 6 3 

Oligoclase 26 12 

Andesine 46 56 64 

Labradorite 65 63 62 

Biotite 5 z 3 4 5 1 1 

Amphibole 1 7 13 8 tz 3 1 

Orthopyroxene 1 3 6 2 

Clinopyroxene 4 3 8 14 21 29 

Olivine 7 is 3 95 
Magnetite 2 2 1 2 2 2 2 2 3 
Ilmenite 1 1 2 2 2. 

Apatite Trace Trace Trace Trace Trace 

Titanite Trace Trace 1 Trace Trace 

Color Index? 9 16 18 18 30 35 37 38 98-100 

*The percentage values are based on grain counts of minerals in a thin section using a polarizing microscope. 
This is known as modal analysis. 
Color index—a number that represents the percentage, by volume, of dark-colored (i.e., mafic) minerals ina rock. 
SOURCE: After E. S. Larsen, 1942, Handbook of Physical Constants. 
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FIGURE 32.3 Chart for determining the approximate vol- 
ume percentage (mode) of minerals in rocks. Grain shapes are 
similar to those commonly observed. (From R. V. Dietrich and 
B. J. Skinner, 1979, Rocks and Rocks Minerals, Wiley, New York, 
p- 118.) 

5 volume percent 15 volume percent 40 volume percent 

10 volume percent 25 volume percent 50 volume percent 
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EXERCISE 33 

SEDIMENTARY ROCKS IN HAND SPECIMENS 
AND THEIR CLASSIFICATION 

PURPOSE OF EXERCISE 

Identification of the minerals that compose sedimentary 
rocks, and subsequent classification of sedimentary rock 
types on the basis of their mineralogy and texture. 

BACKGROUND INFORMATION: The materials of 
which sedimentary rocks are composed have been de- 
rived from the weathering of previously existing rock 
masses that were elevated above sea level. Chemical 
weathering decomposes minerals in the rocks, and 
mechanical weathering is responsible for the physical 
destruction of the original rock. The decomposition and 
disintergration products are transported to and depos- 
ited in areas of accumulation by the action of water or, 
less frequently, by glacial or wind action. Such loose 
deposits are converted into rocks by the processes of 
diagenesis and lithification, which include compaction 
and cementation of the loose materials. 

The products of chemical decomposition may be trans- 
ported in solution by water into lakes and seas, where 
chemical changes (such as those attributable to evapora- 
tion) or organisms may cause precipitation. These chemi- 
cal (or biochemical) precipitates become, upon indura- 
tion, diagenesis, and lithification, chemical sedimentary 

rocks (see Fig. 33.1). Such chemically deposited sedi- 
ments are represented by carbonate (such as some lime- 
stones) and evaporite sequences and finely banded sedi- 
mentary iron-formations. These truly chemical sedi- 
ments are also known as orthochemical (from the Greek, 

meaning correct or true) sedimentary rocks. If organisms 
have caused the precipitation of the major sedimentary 
mineral components, or if the precipitated minerals 
have undergone substantial movement (and redeposi- 
tion) after their crystallization, the resulting sediment 

is referred to as allochemical (from the Greek, meaning 
different). Examples of such allochemical sedimentary 
rocks are oolitic and fossiliferous limestone; their con- 

stituent carbonate particles are termed allochems. 
Generally, weathering includes both mechanical dis- 

integration and chemical decomposition, and thus the 
end products consist of sedimentary materials formed 
through mechanical as well as chemical action. Mechani- 
cal weathering, a disintegration of the rock, produces 
solid fragments and mineral particles known as detritus 
or clastic material. This material, deposited as loose 
sediment, includes gravel and sand, which, upon lithifi- 
cation (compaction and cementation), forms conglomer- 
ates and sandstones (see Fig. 33.1). These sediments, 

Copyright John Wiley & Sons, Inc. 

with clastic textures, are known as terrigenous sediments. 
Detrital materials consist most commonly of chemically 
inert minerals such as quartz, garnet, zircon, rutile, and 

magnetite, and of rock fragments made of these miner- 
als. 

The two categories chemical and terrigenous are not 
mutually exclusive because most chemical sediments 
contain some detrital material and most clastic rocks also 
carry some chemical sediment. 

Mineralogy of Sedimentary Rocks 
The minerals of sedimentary rocks can be divided into 
two major groups: minerals that are resistant to the 
mechanical and chemical breakdown of the weathering 
cycle and minerals that are newly formed from the 
products of chemical weathering. Terrigenous sedimen- 
tary rocks consist mainly of the most resistant rock- 
forming minerals: quartz, K-feldspar, mica and lesser 
plagioclase, as well as small amounts of garnet, zircon, 

and spinel (magnetite). The terrigenous rock types may 
be regarded as accidental, mechanical mixtures of ge- 
netically unrelated resistant minerals. For example, a 
feldspar-rich sandstone may contain orthoclase and 
microcline, as well as several members of the plagioclase 

series. Such a random variety of feldspar compositions 
is not found in igneous assemblages because of 
physical-chemical controls in the crystallization se- 
quence. 

Sedimentary rocks that result from the inorganic or 
organic precipitation of minerals can be interpreted in 
large part in terms of chemical and physicochemical 
principles that apply at low temperatures (25°C) and low 
atmospheric pressure. The chemical sedimentary assem- 
blages, therefore, are not random or accidental but reflect 

the concentrations of ions in solution, as well as condi- 

tions such as temperature, pressure, and salinity of the 

sedimentary basin. For example, the sequence of miner- 
als in evaporite beds can be related to the concentration 
of ions in solution in the brine from which the sequence 
precipitated. Examples of common chemical precipi- 
tates are calcite, aragonite, gypsum, anhydrite, and hal- 
ite. Insedimentary iron- formations hematite, magnetite, 
siderite, and ankerite as well as chert are considered 

products of chemical sedimentation. 

Classification 
Sedimentary rocks are, in general, stratified, that is, they 

have layers or beds distinguished from one another by 
differences in grain size, mineral composition, color, or 

385 
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FIGURE 33.1 Schematic diagram for the sequence: source 

rock—weathering—sedimentary rock. The arrows represent 

processes, the boxes represent products. (Modified after L. i 

Sutter and J. Meyers, 1991, Field study of petrology of sedimen- 

tary rocks, in Manual of Geologic Field Study of Northern Rocky 

Mountains, Indiana University, Bloomington.) 
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internal structure. Other features that are uniquely diag- 
nostic of a sedimentary origin are primary sedimentary 
structures; the presence of fossils; grains whose shape is 
the result of transportation (referred to as clasts or detrital 
grains); and the presence of a mineral that is invariably of 
sedimentary origin, such as glauconite. 

All sedimentary rocks can be grouped in three broad 
categories, terrigenous, allochemical, and orthochemi- 

cal, as shown in Table 33.1. A sedimentary rock type 

within each of these three broad categories is identified 
by its mineralogical composition and its texture (inclu- 
sive of grain size and grain shape). 

Terrigenous sedimentary rocks. Terrigenous sedimen- 
tary rocks consist of detrital grains, which form the 
framework of the rock, and which are joined together by 
cement; these detrital grains (or clasts) are known as the 
framework grains. Variable amounts of matrix, which 
consists of fragmenta] material substantially smaller than 
the mean size of the framework grains, may also be 

by water, 
wind, or ice 

Sediment Rock 
(inclusive of 

cementation by, 
e.g., SiOz and CaCO3) 

present. Because of the normally very fine grain size of 
matrix material, it may be impossible to determine 

whether this is indeed of detrital rather than of diagen- 
etic origin. The texture of rocks dominated by detrital 
material is a composite of the grain size, grain shapes, 
sorting, and angularity of the framework grains. A uni- 
versally adopted grain size scale for detrital (or clastic) 
sediments is given in Table 33.2. Examples of various 
degrees of sorting are given in Fig. 33.2. 

Conglomerates and breccias consist of large clasts (boul- 
ders, cobbles, pebbles, and granules) with or without a 
sandy matrix; conglomerates show pronounced round- 
ing of the clasts whereas breccias contain more angular 
clasts. Volcanic debris may be a predominant compo- 
nent of some sedimentary rocks; such are commonly 
referred to as pyroclastic rocks. Coarse-grained pyroclas- 
tics with a grain size over 32 mm are known as agglomer- 
ates or volcanic breccias. Sandstones are finer-grained (grain 
size between 2 and 0.062 mm) and most easily classified 
by determining the amounts of clastic (framework) grains 
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TABLE 33.1 Sedimentary Rocks Divided into Three Major Categories 

I 

Terrigenous Sedimentary Rocks 
(Clastic Texture) 

II 
Allochemical Sedimentary Rocks 
(Biochemical/Biogenic, 
with Clastic Texture) 

II 

Orthochemical 

Sedimentary Rocks 

Conglomerates, breccias, 

sandstones, and mudstones 

Agglomerates and 
volcaniclastic sandstones 

Limestones, dolostones, 

phosphorites, chert, and coal 

SOURCE: From Manual of Mineralogy, 21st ed., p. 572. 

TABLE 33.2 Terms and Sizes for Clastic Sediments and Clastic Sedimentary Rock Types 

Evaporites, chert, travertine, 

and iron formations 

Name Millimeter Micrometers 4 

= 4,096 -12 
by Boulder 
= 256 -8 

Cobble 
<< 64 -6 
& Pebble 
G) 4 —2 

Granule 

een 2 -1 

Very coarse sand ‘ 5 

a Coarse sand 
0.5 500 1 

2 Medium Sand 
< 0.25 250 2 
w Fine Sand 

0.125 125 3 
Very fine sand 

— 0.062 62 4 

Coarse silt 
0.031 31 5 

Q Medium silt 
> = 7 0.016 16 6 
s ine si noe 8 7 

Very fine silt 

—— 0.004 4 8 

Clay 

The ® scale, devised by W. C. Krumbein (1934), is based on a logarithmic transformation, ® = —log,S, where S is 

grain size in millimeters. The ® scale is commonly used in sedimentological studies because it is more convenient 
in presenting data than if values are given in millimeters 
SOURCE: After J. A. Udden (1898) and C. K. Wentworth (1924). From Manual of Mineralogy, 21st ed., p. 572. 
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FIGURE 33.2 Degrees of sorting insandstones and conglom- 

erates. (From R. R. Compton, 1962, Manual of Field Geology, 

Wiley, New York.) 
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composed of quartz (and chert), feldspar, and lithic 

fragments. A commonly accepted scheme of sandstone 
classification, as based on the population of these three 
components in the clastic grains, is given in Fig. 33.3. 
Such a classification scheme is most applicable to the 
study of sandstones in thin section under the micro- 
scope, because the name assignment is based on a modal 
(volume percent) analysis of the constituent clastic grains. 
However, by close inspection with a hand lens, a rea- 
sonably correct name can often be assigned. The matrix 
material of sandstones is commonly clay minerals and 
very fine grained quartz. When the sandstone matrix 
constitutes more than about 10 volume percent of the 
rock, itis classified as a wacke. Graywackes are mostly dark 
gray sandstones with abundant matrix. Common ce- 
ments in sandstones are quartz, calcite, and clay miner- 

als. Diagenetic hematite may stain sandstones red. 
Volcaniclastics are sandstones made up chiefly of lava 

fragments, volcanic glass, and crystals. Many tend to be 
green because there has been chlorite replacement. 

Mudstone is a general term for sediments composed 
mainly of silt-sized (0.062 to 0.004 mm) and clay-sized 
(<0.004 mm) particles. Mudstones are essentially impos- 
sible to study in hand specimens because of their fine 
grain size. Modern laboratory methods for studying 
these very fine grained rock types include X-ray diffrac- 
tion, electron microprobe, and scanning electron micro- 

scope techniques. Siltstones and claystones are rock 
types made up mainly of silt and clay particle-size mate- 
rials, respectively. Shale is characterized by its fissility, 
the ability to split into thin sheets, generally parallel to 
the bedding. Claystones are nonfissile, commonly witha 
massive or blocky texture. Slate is a mudstone with a 
well-developed cleavage, which may or may not be 
parallel to the bedding and is commonly the result of 
metamorphism. 

A schematic classification of common terrigenous 
sedimentary rocks is given in Table 33.3. 

Allochemical Carbonate Rocks. Allochemical carbonate 
rocks show clastic (fragmental) textures analogous to 
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those seen in terrigenous rocks, but the textural interpre- 
tation of these mineralogically simple rocks is not always 
straightforward. Calcite recrystallizes easily, and secon- 
dary dolomite, replacing the original calcium carbonate 
in a process known as dolomitization, often destroys the 
texture of the original carbonate. For these reasons tex- 
tural interpretations of such “crystalline limestones” or 
“crystalline dolostones” may be impossible. 

Limestones consist of two classes of constituents, 

orthochems and allochems. These constituents originate 
within the basin where limestone is deposited, and are 
therefore referred to as intrabasinal. Orthochem compo- 
nents are of two types: (1) microcrystalline ooze, which is 
a very fine grained carbonate precipitate that has settled 
to the bottom of the basin, and (2) sparry calcite cement, 
which is coarser in grain size than the ooze and tends to 
be clear or translucent. This coarser-grained type of 
calcite is a pore-filling cement that was precipitated in 
place. Allochem components of limestone are of four 
types: intraclasts, oolites, fossils, and pellets. Intraclasts 
represent fragments of weakly consolidated carbonate 
sediment that has been torn up, transported, and rede- 
posited by currents within the basin of deposition. They 
consist of various types of limestone and can range in 
size from very fine to pebble or boulder size. Oolites, ina 
size range of 0.1 to 1.0 mm in diameter, are spherical, 

show radial and concentric structures, and resemble fish 

roe. They are commonly formed around nuclei such as 
shell fragments, pellets, or quartz sand grains. They 
develop by chemical accretion under the rolling influ- 
ence of waves in shallow marine environments. Fossils of 
many types are common constituents of limestones. 
Pellets are well-rounded, homogeneous aggregates of 
microcrystalline calcite in a size range of 0.03 to 0.2 mm 
in diameter. They consist for the most part of the feces of 
mollusks, worms, and crustaceans. 

Because carbonate rocks tend to be mixtures of (1) 
allochems, (2) microcrystalline ooze, and (3) sparry cal- 
cite cement, Folk (1959) notes that, as a first-order ap- 
proach, limestones can be classified on the basis of the 
volumetric abundance of these three types of materials. 
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FIGURE 33.3 Classification of common sandstones. (From Quartz 
M. E. Tucker, 1982, Field Description of Sedimen tary Rocks, Wiley, EtG 
New York, p. 21.) 

Quartz Quartz 

arenite 

nei 

if 
| 
| 
| 
| 
| 
! 

Sublitharenite / / ) Graywacke 
25% 

Subarkose 

25% 

Lithic 
fragments 

Lithic 
arenite 

— . 

— Arkosic 
arenite 

Lithic 
fragments 

TABLE 33.3 Classification of Terrigenous Rocks 

Feldspar 

Compositon* 

Lithic fragments (e.g., chert, limestone, ip Quartz Feldspar 
volcanic, granite) 

Cobble conglomerate (or breccia) Quartz cobble 
(e.g., granite cobble conglomerate) conglomerate 

(or breccia) 

Pebble conglomerate (or breccia) Quartz pebble 
(e.g., chert pebble conglomerate) conglomerate 

(or breccia) 

Granule conglomerate (or breccia) Quartz granule Feldspar granule 
(e.g., limestone granule conglomerate) conglomerate conglomerate 

(or breccia) (or breccia) Conglomerate (rounded), Breccia (angular) 

Grain Size matrix) 

Wacke (>10% Lithic? wacke Quartz wacke Feldspathic® wacke 

Arenite (<10% Lithic arenite Quartz arenite Feldspathic‘ arenite 

matrix) Sandstone 

(Composition cannot be evaluated because of fine grain size) 

Siltstone 

Mudstone—lacking fissility 
Shale—showing fissility 

*Compare this table with Fig. 33.3 for sandstone classification. 
>Dark, highly indurated lithic wackes are also referred to as graywackes 
‘Red- or pink-colored feldspathic wackes and arenites can be referred to as arkoses. 
SOURCE: Modified after L. J. Sutter and J. Meyers, 1991, Field study of the petrology of sedimentary rocks, 
in Manual for Geologic Field Study of Northern Rocky Mountains, Indiana University, Bloomington 
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FIGURE 33.4 Classification of limestones in terms of the 

volume percentage of allochem grains, microcrystalline 

calcite matrix, and sparry calcite cement. The field of common 

limestone is shaded. Type I limestones consist of a matrix of 

allochemical constituents and sparry calcite cement; type II of 

a variable percentage of allochemical grains in a microcrys- 
talline matrix; and type III of a microcrystalline calcite matrix 
only (referred to as micrite). (After R. L. Folk, 1959 Bulletin of the 
Practical Petrographic Classification of Limestones, American Asso- 
ciation of Petroleum Geologists, vol. 43, pp. 1-38.) 

Microcrystalline 
allochemical 
limestones 

(ooze matrix) 

Microcrystalline 
limestones 
(micrites) 

Microcrystalline 
calcite matrix 

Such a classification of limestones, which ignores any of 
the possibly present terrigenous components (e.g., detri- 
tal quartz sand grains), is given in Fig. 33.4. In this figure 
the allochems (intraclasts, oolites, fossils, and pellets) 

represent the framework material of the rock. The mi- 
crocrystalline matrix is equivalent toa clay-rich matrix in 
a poorly washed sandstone. The sparry cement filling 
the pore spaces, as in quartz-rich sandstones, is a chemi- 
cal precipitate. A rock composed only of microcrys- 
talline limestone is referred to as a micrite. Folk (1959) 
recommends that after limestones have been divided 
into type I, type II, and type III (see the legend for Fig. 
33.4), it is essential to note which allochems (intraclasts, 

oolites, fossils, or pellets) predominate. Once they are 
known, they can be incorporated into a scheme of no- 
menclature using as prefixes parts of the allochem 
names—(“intra” from intraclasts; “oo” from oolite; “pel” 

from pellet; and “bio” for biogenic, in place of fossil.) 
Examples of such terms are biosparite and biomicrite, 
the names given to fossil fragments in two different 
matrix types. Biosparite is a limestone with more than 
10% fossil allochemsina dominantly sparry calcite matrix; 
biomicrite is a limestone with more than 10% fossil al- 
lochems set in a micritic matrix. Other such terms are 
shown at the upper part of the triangle in Fig. 33.4. 

Another commonly used classification of limestones, 
as outlined by R. J. Dunham (1962), emphasizes the 
depositional texture of limestones, rather than the mic- 

Intraclasts = HaeeP anne 
Intramicrite 

Oolites = { Cospenle 
Oomicrite 

1. _ gs Biosparite 
Fossils = 1 Biomicrite 

_ g Pelsparite 

rad Pellets = { pelmicrite 
ochem 
grains 

Sparry allochemical 
limestones 

(cleanly washed) 

Sparry calcite 
cement 

Limestones 
(ignoring recrystallization) 

ritic content of the rock used by Folk. Dunham’s classifi- 
cation stresses the question “Were the framework grains 
(Folk’s allochems) in close contact with each other, that 

is, were they well packed when they were deposited?” 
Because both classifications are almost equally popular, 
both are combined in a graphical representation in Fig. 
33.5. The terms mudstone, wackestone, packstone, grain- 

stone, and boundstone were introduced by Dunham 
(1962) to reflect, at one extreme, materials consisting of 

less than 10% grains (mudstone) and, at the other ex- 
treme, materials in which original components are pre- 
dominant and are closely bound together (boundstone). 
The term boundstone is equivalent to biolithite, a limestone 
made up of organic structures that grew in situ (in place), 
forming a coherent rock mass during growth. Wackestone 
consists of more than 10% grains in a microcrystalline 
ooze (micrite), packstone is a grain-supported limestone 
with micrite matrix and sparry calcite cement, and grain- 
stone is a grain-supported limestone with very little 
micrite, if any. Either of the two schemes of Fig. 33.5 can 
be used to classify limestones on the basis of careful 
observation by hand lens or binocular microscope in the 
laboratory. 

Dolostones are Ca~Mg-rich carbonate rocks consisting 
mostly of the mineral dolomite. The term dolomite is 
commonly used for both the rock type and the mineral. 
Dolostones in limestone-dolostone sequences may show 
irregular or crosscutting relationships with the lime- 
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FIGURE 33.5 Classification of carbonate rocks after Folk 
(1959) and Dunham (1962). The headings at the bottom of the 
chart represent the classification of R. L. Folk, those at the top 
of the chart the classification of R. J. Dunham. (From L. J. Sutter 
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MICRITE MICRITE 
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L 
MICRITE MICRITE 

MICRITE 

<10 percent : grains >10 percent grains 

MICRITE >> SPAR 

Increasing “energy', agitation, or current strength 

stones, indicating that the dolostone has formed by the 
replacement of early calcite by later dolomite. Such ob- 
servations form the basis for deciding that the rocks have 
undergone the process of dolomitization, which is the 
replacement of original calcium carbonate in limestone 
by Ca—Mg-carbonate (dolomite) at any time during or 
after deposition. Sometimes it is possible with a hand 
lens to see rhombic outlines of dolomite grains cutting 
across fossil fragments; however, such observations are 

best made in thin section with a petrographic micro- 
scope. Because of the secondary nature of dolostones 
and their commonly coarsely recrystallized grain size, 
little can be learned about their formation in hand speci- 
mens. 

Orthochemical sedimentary rocks. Orthochemical sedi- 
mentary rocks have been formed by direct precipitation, 
through chemical action in a depositional basin as a 
result of environmental (e.g., climatic) changes. Sedi- 
mentary rocks that fall into this category are evaporites, 
banded iron-formation, some limestones, and traver- 

tine. Bedded cherts may also be of direct chemical origin. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 569-581. 

Zoltai, T., and Stout J. H., 1984, Mineralogy, Macmillan, New 

York, p. 215-216. 

Dietrich, R. V., and Skinner, B. J., 1979, Rocks and Rock Minerals, 

Wiley, New York, pp. 171-232. 

Ehlers, E. G., and Blatt, H., 1982, Petrology, Igneous, Sedimentary, 

and Metamorphic, Freeman, San Francisco, pp. 247-509. 
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and J. Meyers, 1991, Field study of the petrology of sedimen- 
tary rocks, in Manual for Geologic Field Study of Northern Rocky 
Mountains, Indiana University, Bloomington.) 
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MATERIALS 

A representative suite of sedimentary rock types must be 
available in the laboratory. A hand lens, a binocular 
microscope, or both should be available for this assign- 

ment. A small dropper bottle with dilute hydrochloric 
acid is needed to identify and distinguish particular 
carbonate-containing sedimentary rocks. 

ASSIGNMENT 
1. Identify all the minerals present in each assigned 

specimen and record their names in Table 33.4. 

2. Estimate the volume percentage of each of the identi- 
fied minerals (with the aid of Fig. 32.3), and record the 
estimated percentages next to the appropriate min- 
eral name in Table 33.4. Record any mineral present in 
less than about 2 volume percent as a trace. 

3. Carefully evaluate the texture and grain size of each of 
the rock types and record your observations in Table 
33.4. 

4. On the basis of your findings on mineralogy, volume 
percentage of minerals, and texture, and with the aid 

of Table 33.1, decide whether a specific rock specimen 
is terrigenous (T), allochemical (A), or orthochemical 

(O). Enter T, A, or O in the appropriate column in 
Table 33.4. 

5. Give the appropriate rock name for each of the speci- 
mens in Table 33.4 (consult the various figures and 
tables in this exercise). 

6. Make a brief entry in Table 33.4 concerning the origin 
of each rock type. 
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EXERCISE 34 

METAMORPHIC ROCKS IN HAND SPECIMENS 
AND THEIR CLASSIFICATION 

PURPOSE OF EXERCISE 

Identification of the minerals that make up metamorphic 
rocks, and subsequent classification of metamorphic 
rock types on the basis of their mineralogy and texture. 

BACKGROUND INFORMATION: Metamorphicrocks 
are derived from preexisting rocks (igneous, sedimen- 
tary, or metamorphic) by mineralogical, textural, and 
structural changes. Such changes may be the result of 
marked variations in temperature, pressure, and shear- 
ing stress at considerable depth in the earth’s crust. 
Weathering effects, at atmospheric conditions, are not 
considered part of metamorphism, nor are chemical 
reactions involving partial melting, for these are part of 
igneous processes. Metamorphic changes such as recrys- 
tallization and chemical reactions of mineral constitu- 
ents take place essentially in the solid state, although the 
solids may exchange chemical species with a fluid phase 
consisting mainly of H,O (as water, steam, or supercriti- 
cal fluid, depending on the temperature and pressure at 
which the reactions took place). In addition to FOC; 

and CH, may be major compounds of the metamorphic 
fluid. The general conditions in which metamorphic 
rocks form lie between those of sedimentary rocks, which 

form at essentially atmospheric conditions of T and P, 
and those of igneous rocks, which crystallize from a 
melt at high T. Metamorphic rocks may be the result of 
very large changes in pressure in conjunction with in- 
creasing metamorphic temperature; mineral assemblages 
in the earth’s mantle have formed in response to very 
high confining pressures. Excluding gain or loss of H,O 
and CO,, many metamorphic reactions are generally 
considered to be essentially isochemical; this implies that 
during recrystallization and the process of chemical re- 
actions, the bulk chemistry of the rocks has remained 

essentially constant. If this is not the case, and if addi- 
tional elements have been introduced into the rock, by 
circulating fluids for example, it is said to have under- 
gone metasomatism. 

The most obvious textural feature of metamorphic 
rocks (except those of contact metamorphic origin; see 
below) is the alignment of minerals along planar sur- 
faces. For example, a shale that has undergone only 
slight metamorphic changes may show well-developed 
cleavage along planar surfaces, producing a slate. With 
increased temperature of metamorphism, recrystalliza- 
tion of originally very fine grained minerals produces 
coarser-grained schists, in which minerals are aligned in 
parallel layers (known as schistosity). The coarsest- 
grained metamorphic rocks that show distinct miner- 

Copyright John Wiley & Sons, Inc. 

alogic banding are known as gneisses (exhibiting gneis- 
sosity). 

In general, metamorphic rocks can be divided into 
two groups: (1) those formed by contact metamorphism 
and (2) those formed by regional metamorphism. Con- 
tact metamorphic rocks form as concentric zones (aureoles) 
around hot igneous intrusive bodies. Such metamorphic 
rocks may lack schistosity, and along the relatively lar- 
ger temperature gradient from the intrusive contact to 
the unaffected country rock are zones that may differ 
greatly in mineral assemblages. (For an extensive discus- 
sion of mineral assemblage, see exercise 31.) Sandstones 
are converted to quartzites, shales are changed tohornfels, 
a fine-grained dense rock, and limestones recrystallizeas 
marble. Metasomatism is commonly associated with 
contact metamorphism. Heated solutions emanating from 
the intruded igneous rock can bring about profound 
chemical changes in the adjacent country rock, causing 
new mineral assemblages as well as ore bodies to form. 

In this exercise we will concern ourselves essentially 
with regional metamorphism, that is, with the meta- 

morphic rocks resulting from increases in T or P, or both, 

on a regional scale (areas a few hundred to thousands of 
square miles in extent) in response to mountain building 
or to deep burial of rocks. Contact and regionally meta- 
morphosed rocks generally reflect an increase in tem- 
perature (progressive metamorphism) in their assem- 
blages. However, when assemblages that originate at 
high temperatures (e.g., igneous or high-temperature 
metamorphic rocks) fail to survive conditions of lower- 
temperature metamorphism, the process is referred to as 
retrograde (or retrogressive) metamorphism. 

Mineralogic Composition 
The mineralogic composition of a rock that has under- 
gone metamorphic conditions will generally be very 
different from that of its unmetamorphosed equivalent. 
The extent of the differences is largely controlled by the 
marked changes of T and P during metamorphism; the 
relative degrees of metamorphism can be expressed in 
terms of grades, such as very low, low, medium, and 

high grade (see Fig. 34.1). Changes in metamorphic grade 
are reflected in changes in the mineral assemblages of the rocks. 

The most common minerals in metamorphic rocks are 
listed in Table 34.1. Because of the generally very fine 
grain size of very low to low-grade metamorphic rocks, 
the determination of their mineralogy in hand speci- 
mens is not straightforward. For example, a slate, which 
is the low-grade metamorphic equivalent of an argil- 
laceous shale (see Table 34.2), may appear under a hand 
lens to be composed mostly of ill-defined phyllosilicates 

395 
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TABLE 34.1 Common Silicates of Metamorphic Rocks 

Phyllosilicates talc 

serpentine 

chlorite 

muscovite 

biotite 

Inosilicates anthophyllite 

cummingtonite-grunerite 

tremolite-actinolite 

hornblende 

glaucophane 

clinopyroxene with jadeite component (high pressure) 

diopside 

orthopyroxene 

wollastonite? 

Tectosilicates quartz 

plagioclase, except for very An-rich compositions 

microline and orthoclase 

Nesosilicates garnet (pyrope at high pressures) 

epidote 

kyanite, sillimanite, andalusite 

vesuvianite* 

forsterite 

staurolite 

chloritoid 

*Especially common in contact metamorphic rocks. 
SOURCE: From Manual of Mineralogy, 21st ed., Table 14.13, p. 589. 

FIGURE 34.1 Schematic P-T diagram outlining approxi- __ tions of lithification of a sediment at low temperature. (Modi- 
mate fields for various metamorphic grades. The shaded area fied from Manual of Mineralogy, 21st ed., p. 582.) 
marked “diagenetic conditions” represents the general condi- 
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such as muscovite and chlorite, but a microscope study 
would show it to consist of an association of 
quartz-feldspar-muscovite—chlorite. The mineralogy of 
somewhat higher-grade metamorphic rocks, which tend 
to be coarser-grained because they have undergone 
considerable recrystallization, is generally easily deter- 
mined in hand specimens. Examples of schistose and 
gneissic assemblages for medium- to high-grade meta- 
morphic rocks that are carbonate-rich or argillaceous 
are given in Table 34.2. For such schistose and gneissic 
assemblages no new rock terms are introduced; these 

metamorphic rocks are named on the basis of their most 
common mineral constituents, listed in order of decreas- 
ing abundance. For example, a schist composed of 60 

volume percent biotite, 30 volume percent quartz, and 
10 volume percent kyanite would be known as a 
biotite—quartz—kyanite schist. Similarly a gneiss with 60 
volume percent feldspar, 25 volume percent biotite, and 
15 volume percent garnet would be named a 
feldspar—biotite-garnet gneiss. Several more-specialized 
rock terms based on the modal mineralogy of metamor- 
phic rocks are marble, a metamorphosed limestone, 
generally with a well-defined recrystallized texture; 
quartzite, a rock composed essentially of quartz and 
derived through metamorphism from a quartz-rich 
sandstone; serpentinite, a rock composed essentially of 
the mineral serpentine; soapstone, a rock with a mass- 

ive or schistose texture and composed mainly of fine- 
grained talc; amphibolite, an unfoliated or foliated rock 

made up mainly of amphibole and plagioclase; and 
greenschist, a well-foliated, generally fairly fine grained, 
greenish rock composed mainly of chlorite, actinolite 
(or hornblende), and epidote. 

Classification 
On the basis mostly of the study of shales and their 
metamorphic equivalents, various metamorphic zones 
have been delineated; these are identified by the pres- 
ence of certain index minerals. At successively higher 
grades of metamorphism, argillaceous rocks show the 
development of the following index minerals: first chlo- 
rite, then biotite, next almandine, subsequently stauro- 

lite, then kyanite, and at the highest temperatures silli- 
manite. When areas of specific index minerals are out- 
lined on a geological map, such as a chlorite-rich region 
or a biotite-rich region, the line that marks the first 

appearance of an index mineral is known as an isograd. 
The isograds reflect positions of similar metamorphic 
grade in terms of T and P. 

In regions where high pressures have been generated 
but where temperatures were low during metamor- 
phism, the final mineral assemblages will be very 
different, for a specific bulk rock composition, from 

those formed in regions where temperatures have been 
high but pressures low. Argillaceous rocks metamor- 
phosed at high temperature commonly contain silli- 
manite, whereas those subjected to high pressures (with 
some increase in temperature) contain kyanite. Simi- 
larly, high-temperature basalt assemblages occur as 
coarse-grained eclogites in the high-pressure regions of 
the lower crust of the earth. 

In addition to the subdivision of P and T fields into 
very low, low, medium, and high grades of metamor- 

phism (Fig. 34.1), metamorphic rocks are often classified 
in terms of metamorphic facies. A metamorphic facies is a set 
of metamorphic mineral assemblages, repeatedly associ- 
ated inspace and time, that have aconstant and therefore 
predictable relation between mineral composition and 
chemical composition. A metamorphic facies, therefore, 

is defined not in terms of a single index mineral but by an 
association of mineral assemblages. All metamorphic 
facies are defined on the basis of the mineralogy in basalt 
and its various metamorphic products. The following 
are some examples of metamorphic facies. A zeolite facies 
represents the lowest grade of metamorphism. The 
mineral assemblages include zeolites, chlorite, musco- 

vite, and quartz. A greenschist facies is the low-grade 
metamorphic facies of many regionally metamorphosed 
terranes. The mineral assemblages may include chlorite, 
epidote, muscovite, albite, and quartz. An amphibolite 

facies occurs in medium- to high-grade metamorphic 
terranes. The mineral constituents include hornblende, 

plagioclase, and almandine. Corresponding argillaceous 
rocks, metamorphosed to the same T-P conditions, will 

TABLE 34.2 Examples of Metamorphic Mineral Assemblages Produced During Prograde 
Metamorphism in Carbonate-Rich Rocks and Argillaceous Shale 

Grade Ca Carbonate-Rich Rock Argillaceous Shale 

Very low grade Calcite-dolomite-talc and Muscovite—chlorite—-quartz-feldspar 

calcite-quartz-talc 

Low grade Calcite-dolomite—-tremolite and Biotite-muscovite—chlorite—-quartz-feldspar 

calcite-tremolite—quartz 

Medium grade Calcite-dolomite-diopside and Staurolite-garnet—biotite-muscovite—quartz-feldspar 

calcite-diopside—quartz 

High grade Calcite-dolomite—forsterite and Sillimanite-garnet-biotite-muscovite—quartz—feldspar 

calcite-diopside—quartz 
i EEUU EEEEEEEEEEEEEEEEET 

SOURCE: From Manual of Mineralogy, 21st ed., Tables 14.14, p. 589. 
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contain sillimanite. The glaucophane-lawsonite schist (or 
blueschist) facies is represented by relatively low tem- 
peratures but elevated pressures of metamorphism in 
young orogenic zones, such as California and Japan. 
Characteristic constituents are lawsonite, jadeite, albite, 

glaucophane, muscovite, and garnet. A granulite facies 
reflects the maximum temperature conditions of re- 
gional metamorphism such as have been commonly 
attained in Precambrian terranes. Characteristic mineral 
constituents are plagioclase, hypersthene, orthopyrox- 
ene, garnet, and diopside. An eclogite facies represents 
the most deep-seated conditions of metamorphism. Char- 
acteristic mineral constituents are pyrope-rich garnet 
and omphacite-type pyroxene. Such assemblages are 
common in kimberlite pipes, many of which carry associ- 
ated diamond. A diagram outlining the approximate 
fields of the various metamorphic facies in terms of P and 
T is given in Fig. 34.2. 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York, pp. 581-590. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York, pp. 219-226. 

Dietrich, R. V., and Skinner, B. J., 1979, Rock and Rock Minerals, 

Wiley, New York, pp. 232-274. 

Ehlers, E.G.,and Blatt, H., 1982, Petrology, Igneous, Sedimentary, 

and Metamorphic, Freeman, San Francisco, pp. 509-691. 

FIGURE 34.2 Tentative scheme of metamorphic facies in 
relation to pressure (PH,0) and temperature. All boundaries 
are gradational. Compare with Fig 34.1. (From F. J. Turner, 

MATERIALS 

A representative suite of metamorphic rock types must be 

available in the laboratory. A hand lens, a binocular micro- 

scope, or both should be available for this assignment. 

ASSIGNMENT 
1. Identify all the minerals present in each assigned speci- 

men, and record their names in Table 34.3. 

2. Estimate the volume percentage of each of theidentified 
minerals (with the aid of Fig. 32.3), and record the 
estimated percentages next to the appropriate mineral 
name in Table 34.3. Record any mineral present in less 
than about 2 volume percent as a trace. 

3. Carefully evaluate the texture and grain size of each of 
the rock types and record your observations in Table 
34.3. 

4. On the basis of your findings on mineralogy, volume 
percentage of minerals, and texture, give an appropri- 
ate rock name for each of the specimens and record this 
in Table 34.3. 

5. Make a brief entry in Table 34.3 about the metamorphic 
conditions of origin, such as a specific metamorphic 
grade and metamorphic facies. 

6. In the last column of Table 34.3, enter the name of the 

sedimentary, igneous, or metamorphic rock type that 
you think may have been the likely precursor to the 
metamorphic rock you have described. 

1968, Metamorphic Petrology, McGraw-Hill, New York, P. 366, 

with some modifications. Copyright © 1968, by McGraw-Hill 
Inc. Used with permission of McGraww-Hill Book Company.) 
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EXERCISE 35 

PLOTTING OF METAMORPHIC MINERAL ASSEMBLAGES IN 
THE SYSTEM SiO,-MgO-ALO,-H,O: LOW-, MEDIUM”, 

AND HIGH-TEMPERATURE ASSEMBLAGES 

PURPOSE OF EXERCISE 

Plotting of metamorphic mineral compositions on trian- 
gular diagrams as a basis for the evaluation of metamor- 
phic assemblages in three approximate ranges of tem- 
perature: low (~200° to 400°C), medium (~400° to 650°C), 

and high (~650° to 850°C). 

BACKGROUND INFORMATION: In exercise 21 you 
were introduced to the graphical representation of min- 
eral compositions on triangular diagrams. Here we will 
develop this technique further so that you will be able to 
represent graphically mineral assemblages within a 
specific, and relatively simple, chemical system, 
SiO,-MgO-ALO,-H,O. 

As stated in exercise 34, changes in metamorphic grade 
are reflected in changes in the mineral assemblages of the 
rocks. In order to evaluate first hand all possible 
changes in mineral assemblages in the system 
SiO,-MgO-ALO,-H,O, one would need a large collec- 
tion of rock specimens that belong to this rather re- 
stricted chemical system. Furthermore, these rock speci- 
mens would have to represent a wide range of bulk 
chemistries within this chemical system. Acquiring such 
a collection of rock and mineral assemblage specimens 
within this chemical system, over a wide range of meta- 
morphic temperatures, is a difficult task. In other words, 
the assessment of possible metamorphic assemblages 
within this chemical system will have to be done insome 
way other than the study of representative hand speci- 
mens. The only other option is to use published reports 
describing mineral coexistences (assemblages) over a 

_ Tange of metamorphic conditions in this chemical sys- 
tem. Because major reference works in mineralogy and 
petrology are not generally arranged in terms of chemi- 
cal systems (such as SiO,-MgO-ALO,-H,O), the only 
way in which the derived information on assemblages 
can be obtained (from the literature) is on the basis of 
specific minerals that belong to the system 
SiO,-MgO-ALO,-H,O. The minerals that are to be con- 
sidered are given in Table 35.1. In this listing specific (but 
also somewhat simplified) compositions are given for 
four minerals that are part of extensive solid-solution 
series. The compositions of all the other minerals are 
much more specific, and if you do not already know 
them, they can be looked up in your assigned text. The 
minerals listed fall into several broad categories: anhy- 
drous silicates, hydrous silicates, oxides, and hydrox- 

Copyright John Wiley & Sons, Inc. 

ides. With increasing metamorphic grade the assem- 
blages become less hydrous, and finally completely 
anhydrous through progressive dehydration. In other 
words, with increasing metamorphic temperatures, water 
is generally lost from the rock. This immediately sug- 
gests that the hydroxides and hydrous silicates will be 
part of the low- and medium-temperature assemblages, 
whereas the high-temperature assemblages would tend 
to be made up solely of anhydrous minerals. 

As we have stated, the required information on min- 

eral assemblages (as a function of changes in metamor- 
phic temperature) will have to be obtained from refer- 
ences on mineralogy—petrology. Your mineralogy text 
can be used as a first but, for this exercise, generally not 

very satisfactory source. Let me illustrate here what sort 
of (commonly highly generalized) information you might 
obtain from standard mineralogy texts for two minerals 
from Table 35.1, namely talc and sillimanite. For both of 
these minerals you check under the heading occurrence 
(or paragenesis, a term used in some references). For talc 
you will learn “Talc characteristically occurs in low- 
grade metamorphic rocks...” (from Manual of Mineral- 
ogy, 21st ed., p. 514) and for sillimanite you find “Silli- 
manite occurs as a constituent of high-temperature- 
metamorphosed argillaceous rocks” (also from Manual 
of Mineralogy, 21st ed., p. 456). This type of information 
will allow you to separate most of the minerals given in 
Table 35.1 into broad and general categories such as low- 
temperature, medium-temperature, and high-tempera- 
ture metamorphic. Notice, however, that some minerals 

are present and indeed stable over a wide range of 
metamorphic conditions, a prime example being quartz. 
Once you have broadly separated the minerals listed in 
terms of ranges of temperature of formation, you need 
more specific information about coexistences. For ex- 
ample, with what minerals does sillimanite occur (coex- 

ist) in the high-temperature metamorphic assemblages? 
Such specific information on coexistences is generally 
not available in mineralogy texts. In Manual of Mineral- 
ogy, the occurrence section on sillimanite refers you to 
Table 14.14 (p. 589), where some general examples of 
coexistences are listed. For the highest-temperature 
conditions you find “sillimanite-garnet-biotite— 
muscovite—quartz-feldspar” as an example in an argil- 
laceous bulk composition. This would make you con- 
clude that for this exercise the garnet (pyrope) and 
sillimanite may well be considered as an appropriate 
pair in an assemblage at high metamorphic grade. If 
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402 EXERCISE 35 

TABLE 35.1 Listing of Minerals That Are Part of the Chemical System SiO,-MgO-ALO,-H,O 

ee ee ee ee ee —— 

Quartz 

Corundum 

Periclase 

Spinel 

Forsterite 

Kyanite, sillimanite, andalusite 

Enstatite 

Anthophyllite 

Gedrite—Mg, Al (Si,ALO,,)(OH),—an amphibole 

Pyrope 

Tale 

Serpentine 

Cordierite—Mg, Al,(AISi,O, ,) 

Chlorite—Mg, ,Al,Si,O,,(OH),, 

Staurolite—(Mg end-member)—Mg,Al,O,(SiO,),(O, OH), 

Pyrophyllite 

Kaolinite 

Gibbsite 

Brucite 

indeed two minerals are found as a pair in a fairly well 
defined temperature range, they are considered an as- 
semblage representative of that temperature range and 
are graphically shown by a tieline between their plotted 
composition points. The tieline between two mineral 
compositions denotes that they are found next to each 
other, that is, in an equilibrium assemblage. This infor- 
mation in the literature has generally been obtained 
through careful study of thin sections. In a triangular 
diagram, as is used in this exercise, the graphical expres- 
sion of all possible tielines between mineral pairs will be 
as triangles of various sizes and shapes. A triangle is the 
graphical expression of three assemblage pairs forming 
the outer edges of the triangle (you may wish to refresh 
your memory on this by returning to exercise 21 in which 

tielines were plotted for various sulfide pairs in the 
system Cu—Fe-S). 

Pertinent information on coexistences among miner- 
als is easiest to locate in some of the references given 
below. These include several volumes of Rock Forming 
Minerals by Deer, Howie, and Zussman, one volume of 

Dana’s System (for oxides and hydroxides), and texts on 
metamorphic petrology. The most detailed and perti- 
nent information on assemblages is given in research 
publications for specific chemical systems. A good ex- 
ample of this is the article by E-an Zen (1961; reference 
given below) on mineral assemblages in the system 
ALO siO EO} 

REFERENCES 

Klein, C., and Hurlbut, C. S., Jr., 1993, Manual of Mineralogy, 

21st ed., Wiley, New York. 

Zoltai, T., and Stout, J. H., 1984, Mineralogy, Macmillan, New 

York. 

Berry, L. G., Mason, B., and Dietrich, R. V., 1983, Mineralogy, 

2nd ed., Freeman, San Francisco. 
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MATERIALS 

This assignment is essentially one of searching the perti- 
nent literature for the assemblages and coexistences of 
the various minerals listed in Table 35.1 and relating 
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these assemblages and coexistences to their metamor- 
phic grade. The references should be available in the 
library. Hand specimens of any assemblages that repre- 

sent rock compositions in the system SiO,-MgO-ALO,— 
H,O are helpful for direct observation of some of the 
possible coexistences. Review the discussion of mineral 
assemblage in exercise 31. 

ASSIGNMENT 
1. 

pi 

Make four photocopies of the triangle in Fig. 35.1, one 

for each part of the assignment. 

Using a copy of the triangular diagram, plot the 
compositions of all minerals listed in Table 35.1. Mark 
the top corner of your triangle as SiO,, the bottom left 
corner as MgO, and the bottom right as ALO,. The 
hydrous minerals (see also exercise 21) are plotted by 
ignoring the H,O component. The theoretical justifi- 
cation for this is that H,O (or OH) is part of the meta- 
morphic fluid (which is involved in metamorphic 
reactions) as a perfectly mobile component (see, e.g., 
Manual of Mineralogy, 21st ed., pp. 582-587, for further 
discussion). 

. Mark the appropriate mineral name next to each 

compositional point. 

. On the basis of your literature search (and perhaps 
some representative assemblages observed in hand 
specimens in the laboratory), decide which of the min- 
erals listed in Table 35.1 belong to (a) low-tempera- 
ture, (b) medium-temperature, and (c) high-tempera- 

ture metamorphic categories. Plot on three copies of 
the unmarked triangular diagram only the minerals 
that fall into category a, into category b, or into cate- 

gory c. Label each of these diagrams as either low T, 
medium T, or high T, and label all mineral composi- 
tions. As noted in the statement of the purpose of 
exercise, low-temperature metamorphism spans ap- 
proximately the range of 200° to 400°C, medium- 
temperature metamorphism represents about 400° to 
650°C, and high-temperature metamorphism reflects 

the approximate range of 650° to 800°C. 

. Ineach of the three triangular diagrams enter tielines 

between coexisting minerals as deduced from your 
careful reading of occurrence or paragenesis in the refer- 
ences noted. Notice that many of the minerals will 
occur as groups of three, in which case their occur- 
rence is outlined by a triangle of tielines. Complete as 
many tielines as you can find information for. Because 
the temperature ranges for the evaluation of mineral 
associations in this exercise are large (200°C for the 
low- and high-T assemblages and 250°C for the me- 
dium-T assemblages), you will find a considerable 
number of crossing tielines. A crossing tieline is one 
that intersects the tieline between another mineral 
pair. If you have been successful in arranging the three 
mineral association categories (low T, medium T, and 

high T) quite separately from one another, you will 
tend to have the least number of crossing tielines. 

. The assignment is complete when you have four final 
triangular diagrams: (a) a plot of all mineral composi- 
tions listed in Table 35.1; (b) a low-temperature as- 
semblage diagram; (c) amedium-temperature assem- 
blage diagram, and (d) a high-temperature assem- 
blage diagram. The three assemblage diagrams 
should show the maximum number of joins for 
mineral pairs, giving a multitude of triangles. 
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gram with percentage lines at 
photocopies of this triangle for 

FIGURE 35.1 Triangular dia 
2% intervals. Make at least four 
the exercise. 
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EXERCISE 2 
Student Name 

FIGURE 2.5 Some common and crystal forms. 
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EXERCISE 2 
FIGURE 2.5 (continued) 

Student Name 

Octanedron 

Tetrahedron 

(c) 
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EXERCISE 2 
FIGURE 2.5 (continued) 
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FIGURE 2.5 (continued) 
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EXERCISE 2 
FIGURE 2.5 (continued) 

Student Name 

Hexagonal prism 
and basal 
pinacoid 

(f) 
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EXERCISE 2 
FIGURE 2.5 (continued) 
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EXERCISE 2 
FIGURE 2.5 (continued) 
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and basal 
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EXERCISE 2 
FIGURE 2.5 (continued) 
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Tetragonal 
prism and 
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EXERCISE 2 
FIGURE 2.5 (continued) 
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Orthorhombic 
pinacoids 
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FIGURE 2.5 (continued) 
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