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CHAPTER ONE

INTRODUCTION

Attenuated Total Reflecticon Infrared [ATR-IRJ Spectro-
photometry is an excellent nondestructive method for the
study of minerals, including identification and their place-
ment in their respective groups. It is free from the inter-
ference and dispersion effects which make IR unsuccessful in
some cases.

To a certain extent this project is a continuation of
Anderson's work (2), since one purpose of the project was to
devise a new techniqué or use one of the existing technigues
to overcome the difficulty of contact problem between the
sample and the reflector plate, a major problem he faced in
his work and a critically important factor in taking good
ATR-IR spectra.. The main emphasis of this project has been
not only in preparing an Atlas of spectra but also in iden-
tifying various absorption bands in different groups of
silicates such as clay minerals, micas, feldspars, talc,
high silica materials, lithium ores and various rocks.
Chrysotile samples of various grades have been studied and
an effort has been made to answer the question: "Is it pos-
sible to use ATR-IR as a tool to place chrysotile fibers of
variable size and length in their proper class based on

their ATR-IR spectra? "



Though IR and ATR-IR spectra under some conditions
provide absorption bands which occur at the same wavenumb-
ers, a direct comparison of ATR-IR spectra taken in this
stuay to IR spectra in the literature has been avoided be-
cause the underlying principles in both techniques are
different.

ATR-IR 1s still in its developmental phases especially
as an instrumental method in studying minerals. No ATR-IR
references were found in the literature. Incidently, ATR-IR
has been used recently in the textile industry for quality
control of cloth fibers (13.}.

Various research groups have been using IR to study
crystal structure and bonding in minerals and to use this
inférmation for identification. Lyon [1962] has compiled a
list of 440 papers which repreéents world-wide IR mineral-
related studies up to September, 1962.. Gadsden [1975] list-
éd 685 references of IR mineral-related papers and books,
most of them for silicate minerals. Nyquist [19711 listed
900 IR spectra of Inorganic compounds, including 9 minerals
but none by ATR-IR.

ATR~IR spectrophotometry is a modification of simple
IR spectrophotometry. It was first introduced by Fahrenfort
in 1961 as an application of IR. Harrick [l96i] reported
450 references on internal reflection spectroscopy but none
on ATR of minerals. Anderson 11975) did not f£ind any ATR=-IR
work on minerals up to the end of 1974. A search of Chemi-

cal Abstracts up to July, 1981 did not reveal any article in



the area of ATR-IR of minerals.

ATR-IR was chosen rather than transmission IR for the
study of silicate minerals, chrysotile grading and a few

other minerals for the following reasons:

I. It is a simple and convenient method of analysis;

2. It can be applied to both opaque and transparent
materials;

3. It can be used for both powder samples and thin sec-
tions;

4. It often requires little sample preparation; and

5. It is superior to "simple" IR in providing better re

solved spectra, especially in the low wavenumber
range. .
This study of ATR=IR involved taking spectra of vari-
ous silicate minerals in powder samples, finding similar-
ities and differences in nature, and locating various bands

and intensities of absorption bands for identification and

classification purposes.
-1

This study is limited to 4000-300

cm with major emphasis on absorptions in the 2000-300 cm—1

region.



CHAPTER TWO
CLAYS, CLAY MINERALS AND CHRYSOTILE

A. CLAYS AND CLAY MINERALS

A chemist's standard definition of clay is "an earthy
or stony mineral aggregate consisting essentially of hydrous
silicates and alumina, plastic when sufficiently pulverized

and vitreous when fired at a sufficiently high temperature"
(21).

There are several processes through which clays may

originate: (1) hydrolysis and hydration of a silicate, i.e.

alkali silicate + water —» hydrated aluminosilicate clay +

alkali hydroxide; (2) sclution of a limestone or other solu-

ble rock containing relatively insoluble clay impurities

that are left behind; (3) slaking and weathering of shales

(clay=-rich sedimentary rocks); {(4) replacement of a pre-ex-
isting host rock by invading guest clay whose constituents

are carried in part or wholly in solution; (5) deposition of

clay in cavities or veins from solution; (6) bacterial or

other organic activity, including the extraction of metal

cations as nutrients by plants; (7) action of acid clays,

humus and inorganic acids on primary silicates; (8) altera-

tion of parent material or diagenetic processes following

gsedimentation in marine and freshwater environments and



i resilication of high alumina minerals; (9) the action of
% surface water charged with carbon dioxide; (10) the action
of water draining from peat bogs containing organic acids in

| solution; and (11l) the action of volcanic gases and vapours

(pneumatolytic action).

A number of things need to be considered in the study
{ and classification of clays; these include: (1) the domi-
| nant clay-mineral type; (2) the ion exchange capacity; (3)
E the exchangeable ions present in the clay; (4) the preva-
lence of an expanding or nonexpanding lattice mineral; (5)
the electrolytes and the solutions in association with the
clay deposit; (6) the necessary minerals or mineral impuri-
ties; (7) the organic matter content; (8) the size and dis-
; creteness of particles; (9) the hydrated alumina and/or sil-
ica content; and (10) the structure and texture of the clay
deposit.

Clays have many uses in everyday life; these depend on

the physical and chemical properties of clays and these pro-

perties in turn are dependent on the type and amount of clay
minerals which form the major part of that clay.

A clay mineral is a hydrous aluminum silicate, some-
i what variable in chemical and physical properties. Its two-
or three-layer crystal lattice permits the replacement of
aluminous ions by nonaluminous ions to form nonaluminous
clays. Exchangeable cations may be on the surface of sili-
cate layers, and their amounts determined by the excess neg-

ative charge within the layer; these cafions are usually
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Ca{II) and Na(I) but K(I), Mg(II), H(I) and Al(III) are also

exchangeable. A brief description of the clay mineral

groups follows.

KAOLINITE GRQUP

A group of hydrous aluminum silicates are the chief
constituents of the white clay kaolin including kaolinite,
dickite, nacrite and anauxite. The kaolinite lattice con-
sists of one set of tetrahedrally coordinated Si(IV) (with
0(IX)) and one set of octahedrally coordinated Al(III) (with
O(ITI} and OH(I))}, hence a 1l:1 or a two-laver structure(Fig
1). A laver of OH(I) completes the charge requirements of
the octahedral sheet. The so-called fire clay mineral is a
b-axis disordered kaolinite; halloysite and endellite are
disérdered along both the 'a' and 'b' axes. Indeed, most
variations in the kaolin group originate as structural poly-
morphs.

Analysis of various kaolins show that 5i0, is the
major constituent ranging from 42-53%; Al,03 is the next,
ranging from 32-39%, followed by water (removable above 110°
C) at 12-15%. Other components present are Fe,03, FeO, MgO,

Ca0, K50, Nay0, TiO, and H,0 (removable at 16 5°¢C) .

SMECTITE (MONTMORILLONITE) GROUP

This is a group of complex 2:1(three-layer crystal lat-
tice) clay minerals that carry a lattice charge and charac-
teristically expand when solvated with water and alcochols,

notably ethylene glycol and glycerol. With beidellite and



nontronite as end members, this group of minerals forms a
continuous series of solid solutions with Fe(III} and Al
(ITI) proxying for one another in all proportions in the
lattice structure. Al(III) alsoc proxies for Si(IV) not ex-
ceeding one ion in four. Clay minerals which belong to this
group are montmorillonite, beidellite, nontronite, hecto-
rite, bentonite(a mixture of montmorillonite and beidel=-
lite), saponite and many more. i

Smectites are derived from pyrophyllite or talc by
substitutions mainly in the octahedral layers. Some substi-
tutions may occur for Si(IV) in the tetrahedral layer, and
by F(I} for OH(I}) in the structure. In montmorillonite Mg
(II) is a significant substituent for Al1(III) in the tetra-
hedral layer(Fig l). When substitutions occur between ions
of unlike charge, deficit or excess charge develops on cor-
responding pérts of the structufe. Deficit charges are com=
pensated by cations (usually Na(I), Ca(II), K(I)) sorbed
between the three-layer(two tetrahedral and one octahedral)
"sandwiches".

The major constituents of montmorillonite minerals are
Si02(42—56%), Al,04(0-21%), Fe,04(0-29%), Mgo{0-26%), F(I)
{up to 6%), water removable at 105°C{9-15%) and water remov-
able at higher temperatures(2-8%). Other compounds present
in montmorillonites are FeQ, MnoO, Zn0o, Cao, K50, Na,yO, Li20,
TiOp and P,0g5. The quantities of various compounds in these
clay minerals vary from one mine to another, even for the

same mineral species.



HALLOYSITE GROUP

This is a group of porcelain—-like minerals of general

- formula Al2Si205(OH)4 which under the electron microscope,

show crystallinity in the form of minute, slender and hollow
tubes. On dehydration these tubes split and "unroll". They

may also form tube-within-tube arrangments. Examples in-

clude allophane, endellite(Fig 1) and metahalloysite (hy-

drous forms of halloysite), indianite (a white porcelain-

like mixture of halloysite and kaolinite) and halloysite.

oo

Water
- layers

Water
e layers

About
1.5 nm

Kaolinite Montmariilonite Endeilita - -
Ihydrated ndeffrta Mica
v ' ’ {Muscovite—iilite}

Figure 1. Diagrammatic Representation of the
Succession of Layers in some Clay Minerals

0. oxygen; @, (OH): @, silicon; 0, Si-Al; @, aluminum; ©, Al=-Mg; O, potassium; @, Na~Ca.



Allophane is essentially an amorphous solid solution

of silica, alumina and water. It may be associated with

halloysite or it may occur as a homogencus mixture with
evansite, an isomorphous solid solution of phosphorous,
alumina and water.

A chemical analysis of two samples of allophane ob-
tained from different locations is reported to have 4,34%
and 32.30% of Si0p, 41.42% and 30.41% of Al,03, 4.30% and
4.06% 2n0, 9.23% and 0.02% of P,0g, 2.07% and 0.65% CO,,
20.92% and 16.38% water removable at 105°C and 14.43% and

14.43% water removable above 110°¢C. Compounds present in

small quantities were Fe,0,5, Mg0O, CaoO, Kzo, Nazo, Cu0 and
503. |

ILLITE GROUP

Illite is a general term for a group of mica-like min-
erals which are common in argillaceous sediments. They are

not specific mineral species and have the general formula

Ky (Aly.Fey. Mgy.Mgg) (Sig-yAly)05¢ (OH) 4, where y refers to
the K(I) ions that satisfy the excess charges that result

from replacement of about 15% of the Si(IV) positidns by Al
(ITI). This group embraces the most common and widespread
of the clay minerals and shales. Examples are illite, bra-

vaisite, sericite, brammallite and hydromica.

Mica minerals possess a 2:1 sheet structure similar to
montmorillonite except that the maximum charge deficit in
mica is typically in the tetrahedral layers which contain K

(I) held in the inter-layer space which contributes to a
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1.0 nm basal spacing(Fig 1). Since the micas in argilla-
ceous sediments may be widely diverse in origin, consider-
able variation exists in the composition and polymorphism of
the illite minerals. A representative chemical analysis of
illite is: 51.22% 8i0,, 25.91% Al,03, 4.59% Fe,O5, 1.70%
FeO, 2.84% MgO, 0.16% CaO, 0.17% Na,0, 6.09% K,0, 0.53%

TiO,, 7.49% ignition loss above 110°C and 100.70% total.

BAUXITE GRQOUP

This group consists of hydrous or colloidal oxides of
aluminum. These oxides are secondary in origin and are
formed from the decompogsition of wvarious minerals thyrough
weathering, leaching or by the action of volcanic gas. It
is generally‘beiieved that a very humid, subtropical climate
is required for such a weathering. Xaolins may be formed
from bauxites by silicification. Examples are boehmite,
cliachite, diaspore, sporogelite, bauxite and gibbsite.

Typical percentages of alumina and water in diaspore,
bauxite and gibbsite are 85% and 15%, 75% and 25% and 65.4%

and 34.6%, respectively.

ATTAPULGITE AND SEPIOLITE GROUP

Important members of this group include attapulgite,
named from its occurrence at Attapulgus, Georgia, and sepio-
lite (meerchaum), named from the Greek word for cuttle fish;
these possess chain-like structures, or combination chain-
sheet structures. Approximate composition is Si02 = 55.05%,

A1203 = 10.24%, Fe,04 = 3.53%, MgO = 10.49%, K2O = 0.47%,
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water removable at 150°C = 9.73% and water removable at tem-
peratures higher than 150°C = 10.13%. Sepiolite is used in
drilling muds where resistance to flocculation in briny wa-
ter is required. Alygorskite, ofpalygorskite, 5—palygors—
kite, paramontmorillonite, parasepiolite and floridin-flori;

dine are other members of this group.

UNCLASSIFIED GROUP

Any mineral difficult to place in any of the classes
listed above becomes a member of this group. An example is
glauconite, a green, dioctahedral, micaceous c¢lay rich in Fe
(III) and K(I). It has many characteristics common to il-~

lite but may contain randomly mixed expanding layers, a

property found in montmorillonites. It has been used as an

ionlexchanger for water softening and a source of slowly re-
leased potassium for soil amendments. Other members of the
group are parakaolinite, ptilolite (an orthorhombic, éeo—
lite-like clay mineral), pyrophyllite (a mineral resembling
talc), evansite (a hydrous aluminum phosphate), faratsihite
(a mixture of kaolinite and nontronite), leverrierite (a
mixture of muscovite and kaolinite), porcellana (a mixture
of kaolinite and halloysite), potash bentonite and potash

montmorillonite and many more.

B, CHRYSOTILE ASBESTOS

Asbestos is a generic term describing a variety of

naturally formed fiberous hydrated mineral silicates that
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are incombustible, can be separated into filaments and dif-~

fer in chemical composition. Asbestos appears in many forms
and types varying from long, soft, silky fiber with a defi-

nite orientation of the crystals to a short, harsh, brittle

mass fiber with a random orientation of crystals. It may bhe
divided into two large groups; serpentine or chrysotile and

the amphiboles.

The chemical composition of asbestos varies from a
simple magnesium siljicate, i.e. chrysotile, to complex iron
silicates such as anthophyllite and amosite.

Asbestos fibers are unique minerals, combining unusual
physical and chemical properties which make them useful in
the manufacture of a wide variety of residential and indus-
trial products. When processed into long, thin fibers,
asbestos is sufficiently soft and flexible to be woven into
fire resistant fabriecs. 1Its usefulness’is based on its non-
flammable nature together with flexing strength, good ten-
sile strength, great surface area, low density, good absorp-
tion, fair resistance to heat and to acids and to alkalies,
high electrical resisgtivity and low magnetic permeability.
The chrysotile variety of fiber is used in about 90% of all
products requiring asbestos.

The current opinion is that chrysotile fiber resulted
from two separate metamorphic reactions in ultrabasic rocks
of igneous origin(22). The initial hydrothermal reaction al-
tered the olivines and pyroxenes to serpentine. At a subse-

quent point the serpentine was redissolved and mineral-rich



13

solutions flowed into the cracks and.crevices in the host
rock where the chrysotile fiber was reprecipitated.

The empirical composition of chrysotile is 3Mg0.25i0,.
2H,0; however the unit cell may be represented as
Mg, (OH)8 Si4 010"

The crystal structure of chrysotile is layered or
sheeted like the kaolinite group. It is based on an infi-
nite silica sheet (Siz0s5)p in which all the silica tetrahe-
dra point one way. One side of the sheet structure, joining
the silica tetrahedra, is a layer;of brucite, Mg(OH),, in
which two out of every three hydroxyl groups are replaced by
oxygen at the apices of the tetrahedra. The result is a

layered structure as shown in Fig 2.

Unit cell composition
Mag{OHlg i Oy

Build=—up of sheets inte fundamental fibrils

/

—

Figure 2. Fundamental Sheet of a Chrysotile structure

A chemical analysis of chrysotile will typically have
Si0, = 37-44%, MgO = 39-44%, FeO = 0-6%, Fey03 = 0.1-5%,

H20 = 12-15% and Ca0 = trace-5% as constituents. The varia-
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tions in analyses .are due to impurities, some of which are
part of the crystal structure, and/or isomorphic substitu-

tions in the crystal lattice.

YU N RN U S

Properties of chrysotile are given in Table 1.

Table 1. Properties of Chrysotile

occurrence
mineral associations

origin

veining

essential composition
crystal structure
crystal system
color

luster

hardnegs, Mohs
specific gravity
cleavage

optical properties
refractive index
fusibility, Seger
cones

flexibility
diameter of fiber!
length

texture

acid resistance
spinnability
tensile strength
Young modulua
specific heat,
Btu/(1b) (F°)

in veins of serpentine, etc.

in altered peridotite adjacent to serpen-
tine and limestone near contact with basic
igneous rocks

alteration and metamorphism of basic igne-
ous rocks rich in magnesium silicates
cross and slip fibers

hydrous silicates of magnesia

fibrous and asbestiform

monoclinic {(pseudoorthorhombic}

white, gray, green, yellowish

silky :

2.5-4.,0

2.53-2.58

010 perfect

biaxial positive extinction parallel
1.50-1.55

fusible at 6, 1190-1230°C

very flexible

0.02-0.03 micro meter

short to long

soft to hard, also silky
soluble up to approximately 57%
best

100, 000-400,000 psi

23.1 x 10° 1b/in

0.266

CLASSIFICATION AND GRADING

Most American and all Canadian asbestos producers use

the method formulated by Quebec Asbestos Producers Associa-

tion(Q.A.P.A.) for classifying and grading chrysotile fibers
which utilize a mesh of three sieves and a pan. Various

grades available are
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Crude # 1 fiber : 3/4 in. (1.9 cm) staple and longer

Crude # 2 fiber

3/8-3/4 in., (0,95-1.9 cm) staple
Crude run of mine : unsorted crudes

Crudes, sundry : crudes other than above

Group 3-10, with letter designations within each group, are
milled fibers of increasing fineness down to floats. For
example, group 3 grades are 3F, 3K, 3R, 3T and 3Z.

Asbestos fiber grading and classification in Austral-
ia, Cyprus, Russia and South Africa does not conform with
Q.A.P.A. but is based on local decisions for hand cobbing
and extent of milling and different grades are given numbers

and letters corresponding to the length of fiber.



CHAPTER THREE

METHODS OF MINERAL ANALYSIS

A, INFRARED SPECTROPHOTOMETRY

Although the region of the electromagnetic
between 10,000 cm~1 and 10 em™L is designated as
red [IR], most clay minerals and other materials
in this study absorb in the range from 4000 em™ 1

cm_l, and only this range will be described.

spectrum
the infra-

described

-to 200

Vibrational and rotational energies are important in

IR studies. 1In solids rotational energies are negligible,

so vibrational energies are our only concern here. To des-—

c¢ribe activity in the infrared, the selection rule must be

applied to every normal vibration. From a gquantum mechani-

cal point of view, a vibration is active in the IR if the di-

pole moment of the molecule is changed during the vibration.

Homcnuclear diatomic molecules are not IR active.

If there is an oscillating electric dipole associated

with a particular vibratory mode, then there will occur an

interaction with the electrical vector of electromagnetic

radiation of this same frequency, leading to the absorption

of energy which appears as an increased amplitude of vibra-

tion. The frequency of vibration is given by
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1 k _ 1 k
= e () 1/2 - o172
v '2n'( AL) or N - ( ) e (1)

where‘V is the frequency of vibration, YV is the wavenumber,
M is the reduced mass and is given by mymy/m; + m, and k is
the force constant for the vibration.

The force constant is a measure of the curvature of
the potential well near the equilibrium position:

K = (A2V/dG2) gy sererrearanrrancneanaaaaaees(2)
where V is the potential energy and g is the change of in-
ternuclear distance. Thus a large force constant means
sharp curvature of the potential well near the bottom but
does not necessarily indicate a deep potential well. Usual-
ly however, a large force constant is an indication of a
stronger bond in a series of molecules of the same type.
The value of the force constant can be approximated by the
empirical equation:

k = aN X,Xp/d 3 D e e (D)

where k = force constant in dynes/cm;

a = a constant of value 1.67;

N = bond order;

b = a constant.of value 0.30;

d = internuclear distance in angstroms and

X, and X; are the Pauling electronegativities of

atoms A and B, respectively.
According to equation (1), the frequency of vibration
in a diatomic molecule is proportional to the square root of

k/M. If k is approximately the same for a series of diatom-



18
ic molecules, the frequency is inversely proportional to the
square root of J. If U is the same for a series of diatomic
molecules, the frequency is proportional to the sqdare root
of k.

Linear molecules have 3N - 5 independent vibrations.
Nonlinear molecules can be resolved into a set of 3N - 6
normal vibrations each of which is simpie in the sense that
all atoms in the molecule vibrate with one and the same
frequency and maintain phase relationships. Moreover, indi-
vidual normal vibrations are independent of each other; that
is they can be excited one at a time without coupling with
any other.

According to the selection rule for the harmonic
oscillator, any transitions corresponding to v = *1 are
allowed. The intensity of an IR absorption band is-propor-
tional to the square of the rate of change of dipole moment
with respect to the displacement of atoms. Weak polar mole-
cules yield weak absorption bands, and partially ionic bonds
result in strong absorption bands. The intensity of all
bands is proportional to the amount of sample in the path of
IR radiation.

In general, the motions of the atomic nuclei in crys-
tals can be divided into two types of vibrations: (1) Lat-
tice vibrations between the molecules considered as rigid
entities and (2) Molecular vibrations within the individual
molecules. The latter correspond, at least approximately,

to those of the free molecules, but more or less modified by
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the intermolecular forces.

To analyze the spectra of crystals, it is necessary to
carry out site group or factor group analysis,

The introduction of IR spectroscopy into the field of
clay mineral analysis has been limited due to the excellence
of X-ray diffraction techniques. However, the IR technique
is quick, simple, relatively inexpensive and serves as a
useful supplement in.the identification of clay minerals.

The IR spectra derived from inorganic compounds usual-
ly have absorption bands that are broad and overlapping mak-
ing assignment and specific identification of cation-anion
pair difficult.

The fregquencies at which a substance absorbs IR energy
depend upon the internal vibrations of the molecule and
hence upon its composition. Polyatomic anions absorb IR
energy of different wavelengths and can be distinguished one
from the other. Different minerals can be identified by IR
but caution is vital as the position of maximum absorption
in the IR spectrum is sensitive to certain impurity minerals
and to changes in mass and charge of the constituent ions;
however, the experienced spectroscopist can place an unknown
within a fairly narrow composition range. |

For the identification of a clay mineral or other sil-
icate and nonsilicate mineral, the spectrum of an unknbwn
mineral should be compared with the spectrum of a well-char-
acterized specimen of the reference mineral. Extreme care

in the selection of both'sample and reference must be
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exercised to ensure authenticity, as the amounts of material
examined are very small (0.,1-10 mg depending upon the method

of sample preparation).

B. ATTENUATED TOTAL REFLECTION

The following terms dealing with internal reflection
spectroscopy have been approved by the sponsoring committee
and accepted by the American Society for Testing Materials
(ASTM) and published in the 1971 ASTM Book of Standards.

l. Internal Reflection Spectroscopy (IRS): The technique
of recording optical spectra by placing a sample material
in contact with a transparent medium of greater refrac-
tive index and measuring the reflectance from interface,
generally at angles of incidence greater than the criti-
cal angle.
2. Spectrum, Internal Reflection: The spectrum obtained
by the technique of internal reflection spectroscopy.
Note: Depending on the angle of incidence the spectrum
recorded may qualitatively resemble that obtained by con-
ventional transmission measurements, may resemble the
mirror image of the dispersion in the index of refraction
or may resemble some composite of the two.
3. Attenuated Total Reflection (ATR): Reflection which
occurs when an absorbing coupling mechanism acts in the
process of total internal reflection toc make the reflec-
tance less than unity.
Note: In this process, if an absorbing sample is placed
in contact with the reflecting surface, the reflectance
for total internal reflection will be attenuated to some
value between greater than zero and unity in regions of
the spectrum where absorption of the radiant power can
take place. _
4, Frustrated Total Reflection (FTR): Reflection which
occurs when a nonabsorbing coupling mechanism acts in the
process of total internal reflection to make the reflec-
tance less than unity.
Note: In this process, the reflectance can vary continu-
ously between zero and unity if: (a) An optically trans-
parent medium is within a fraction of a wavelength of the
reflecting surface and its distance from the reflecting
surface is changed and (b) Both the angle of incidence
and refractive index of one of the media vary in an ap-
propriate manner.

In these cases part of the radiant power may be
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transmitted through the interface into the second medium
without loss at the reflecting surface in such a way that
transmittance plus reflectance equals unity. It is pos-
sible to have this process take place in some spectral
regions even when a sample having absorption bands is
placed in contact with the reflecting surface.

5. Internal Reflection Element (IRE): The transparent
optical element used in internal reflection spectroscopy
for establishing the conditions necessary to cbtain the
internal reflection spectra of materials.

Note: Radiant power is propagated through it by means of
internal reflection. The sample material is placed in
contact with the reflecting surface or it may be the re-
flecting surface itself. If only a single reflection
takes place, the element is said to be a single=reflec-
tion element; if more than one reflection takes place,
the element is said to be a multiple reflection element.
When the element has a recognized shape, it is recognized
according to each shape, for example, internal reflection
prism, internal reflection hemicylinder, internal reflec-
tion plate, internal reflection rod, internal reflection
fiber, etc.

6. Single=Pass Internal Reflection Element: An internal
reflection element in which the radiant power transverses
the length of the element only once; that is, the radiant
power enters at one end of the optical element and leaves
via the other end. -

7. Double—-Pass Internal Reflection Element: An internal
reflection element in which the radiant power transverses
the length of the optical element twice, entering and
leaving via the same end.

8. Fixed=Angle Internal Reflection Element: An internal
reflection element which is designed to be operated at a
fixed angle of incidence.

9. variable=Angle Internal Reflection Element: An inter-
nal reflection element which can be operated over a range
of angles of incidence.

Total internal refléction is a familiar phencmenon.
Néwton observed that the rays of light in going out of glasé
into a vacuum, if they fall too obligquely on the vacuum, are
bent backwards into the glass, and totally reflected. He
attributed this to the power of glass to attract the rays
going out of it into the vacuum, and bringing them back. If
the farther surface of glass is moistened with water or

clear o0il, the rays which otherwise will be reflected go
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into the water or clear oil and are not reflected.

Newton's explanation to this phenomenon is very con-
venient but not correct since there is no propagation of
light perpendicular to the surface except very near to the
edges of the beam. In fact, a standing wave normal to.the
reflecting surface is established in the denser medium and
there is an evanescént, nonpropagating field in the rarer
medium whose electric field amplitude decays exponentially
with distance from the surface.

Internal reflection is the technique of recording the

optical spectrum of a sample material that is in contact

with an optically denser but transparent medium and then

measuring the wavelength dependence of the reflectivity of
this ‘interface by introducing light inte the denser medium,

as shown in FPig 3.

”Vn&ﬂﬁrﬂwﬁﬁ————-w\
s - Sample
/’ \

VA o \‘-Drlsm
P N
Figure 3. Internal Reflection

In this technique, reflectivity 1s a measure of the
interaction of the evanescent wave with the sample material,

and the resulting spectrum is characteristic of the sample



23
material. For most angles of incidence above the critical
angle, the reflection spectra resemble transmission spectra
fairly closely; however, for angles of incidence just below
the critical angle, the spectra may resemble the mirror im-
age of the dispersion in the index of refraction. The angle
of incidence which controls the nature of spectrum in IRS
can be a powerful tool if used properly.

Light striking an interface between two transparent
semiinfinite media of different refractive indices will be
partially reflected and partially transmitted. The trans=
mitted beam is refracted according to Snell's Law:

N1Sin 8 = N3Sin @ wevnvenrirnnannnaraneanannaaa(4)

where n; and n2'are refractive indices of denser and
rarer medium, respectiveiy, @ is angle of incidence and @
is angle at which the radiation is refracted. o, ©® and in-
terfacial angles are in the same plane called the plane of
incidence. ©Light is refracted at the interface when nj#n,.
When ni»ny then (0. There is a value of & less than 909 at
which @ is 9079 or parallel to the interface. This value of
® is called critical angle(®.). Mathematically:

Oc = 1N ny; ceiiiiiiei it eieei e ie e e (5)

where npj = ny/nj. All values of 6 larger than 6,
result in total reflection.

For the reflected beam, the angle of reflection is
equal to the angle of incidence. It i1s known that all re-
flécted light is partially polarized and that there is an

angle of incidence for the interface between any two media
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in which the reflected light is completely polarized. This
angle is known as Brewster's angle and is given by

8g = tan'lnl2 ..... ceecienenaas P £ )

The value of Brewster's angle is characteristic of the
two media. For nonabsorbing media polarized radiation with
an arbitrary angle of incidence, the reflectivity is deter-
mined from Fresnel's formulas;

4 = -S5in(0-6)/Sin(@+e) ....cv..... ceeeeans caaeel)

€ = tan(@-8)/tan(d+8) ........ ceeeen ceecneeeaa(8)

Here i refers to the wave with the electric vector
perpendicular to the plane of incidence and fu refers to the
wave with the electric vector parallel to the plane of inci-
dence.

Wheh radiation is incident normally (i.e. whén 8 = 0)
at a plane boundary between two transparent media of differ-
ent refractive indices, the reflectivity {R] which is the
fraction of radiation reflected, is identical for both com-
ponents and is given by

(n;-n,)?
R= —2 — ... e eeeees(9)
(nl+n2)2

It is known that for propagating waves, the electric
field vector vibrates perpendicular to the difection of pro-
pagation. The electric field vector lies parallel to the
plane of incidence for parallel polarization. Since the re-
fracted and reflected beams are 90° apart, the electric

field oscillates in the direction of Ry for the refracted

beam and therefore there can be no propagation in the
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reflected beam. All the power therefore is transmitted into
medium 1.

When the light approaches the interface from the dens-
er medium, the reflectivities Ri and Ru become 100% and are
calculated by equations (7) and (8). For angles larger than
Y ® becomes imaginary. This is apparent from equation

{4) , where Sin2 &»n,51 and the refracted angle may be obtain-

ed from
COS(D= (l—Sinz m)l/z ---...---...-..-...--o..(10)
(.Sin2 e—n212)1/2 1/2
= i Here i={(-1) .. (11)
D21

@ can be eliminated by the use of equations (4) and

(11) , and Fresnel's reflection equations become

2
Cos e—i(Sin2 8-n51 )]‘/2
Tl = ...l.l'..l.......(lz)
Cos ©+i(8in? e-nzlz)l/z
n212 Cos e—i(Sin2 e—n212)l/2

Yy = ceecansemans . (13)
n212 Cos e+i(Sin2 6---n2:|_2)l/2

It is evident that Igw = [n;' = 1, which means re-
flection is total when nj; is real. In total iﬁternal re-
fleétion, the reflectivity associated with total internal
reflection is indeed very high. In many cases, the largest
attenuation comes from absorption losses in the bulk rather
than reflection losses.

Fresnel's equations can be modified for absorbing rare
medium by replacing n, by the complex refractive index, .y,

Ay = Np(l=iky) ceveeeeacniecrierecnnneeenasss.(14)

where k,, the attenuation index is related to absorption



26

coefficient, o, via

nk =&c/4MY i iinnieennosonnoscssnassncnnsaens(l5)
where ¢ is the velocity of light and V is the frequency of
radiant beam.

The reflectivity at normal incidence for the absorbing
rarer medium is given by

(n2~nl)2 + n22k22
R = cresessicerirascssnanses(16)

2 2, 2
(n2+nl) + n, k2

Dependence of reflectivity on angle of incidence for
the absorbing rarer medium is complicated.- The simple
Fresnel's equations become complex. Calculations can be
very time cohsuming unless done with electronic computers.

The reflectivity is strongly affected by the abéorbing
medium, and this is particularly true closér to the critical
angle. The critical angle loses its significance when the
rarer medium is absorbing and becomes a range of angles
rather than a sharp angle as it is for nonabsorbilng cases.
Reflectivity does not follow Beer's Law but at first de-
decreases, then reaches a minimum and finally increases as
the absorption coefficient increases. The depth of penetra-
tion, d, increases with increasing wavelength of radiation

p
and is given by
A

d = ........'..III.........(17)
P 2(sin® e-ny;%)1/2 -

where A, = A/n1 = wavelength in the denser medium.
Because of this direct dependence of penetration depth

on wavelength, the absorption bands are stronger towards
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higher wavelengths in total internal reflection spectra con-
tributing to band distortion. A sample should absorb the
evanescent ray strongly in order to produce strong absorp-
tion bands. This is achieved when the angle of incidence is
very close to the critical angle due to the greatest depth
of penetration near the critical angle. However, this deep-
er penetration of the evanescent ray is accompanied by lag
of the subsequent reflection of that part of the evanescent
ray.

Attenuated total reflection achieves the combination
of both strong absorption and relatively undisplaced sharp
spectra when the incident angle is much larger than the
critical angle and the multiple reflection element is used.
A larger angle of incidence results in weak absorption of
the evanescent ray per reflection and multiple reflection
results in multiplication of these small absorptions. The
mutiple reflection approach can thus produce undistorted
spectra of any desired intensity provided there are enough
reflections.

To obtain good ATR-IR spectra, very good contact be-
tween the sample and the reflector plate is required. Solid
powder samples often have surfaces irregular énough to re-
guire them to be pressed against the reflector plate to im-
prove contact by deformation. This approcach was used in
this work to obtain reproducible spectra of minerals. A
contact fluid can be used between the samples and prism;

soft thin samples give better spectra because of better
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contact. The contact fluid must be transparent and should
have higher refractive index than the sample; use of the

ligquids with lower refractive index degrades sensitivity.

C. OTHER ANALYTICAL METHODS OF ANALYSIS

Every successful analytical method has its benefits
and pitfalls. In ATR-IR 0.10 microgram quantities can be
studied because of developments in the area of total inter-
nal spectroscopy. It is a convenient and easily applicable
technique both qualitatively and guantitatively. But it re-
quires a lot of practice in order to be able to properly use
the factors, such as incident angle, refractive index,
thickness of the sample and absorption coefficient, which
affect the spectra appreciably. Wainerdi and Uken {1971} in
their monograph, "Modern Methods of Geochemical Analysis"
(36), and Nicol {1975) in his book, "Physicochemical Methods
of Mineral Analysis“ have discussed different methods of
mineral analysis in detail. Brief descriptions of princi-

ples, advantages and limitations of these methods follow.

INFRARED TRANSMISSION

IR spectroscopy provides spectra of compounds which
are characteristic of vari?us groups. Voluminous literature
in this area has made transmission spectra very useful for
identification purposes and it finds use both as a gualita-
tive and a quantitative tool. In many cases it works in

noncrystalline solids where X-ray techniques do not. IR can



Y

29
also provide information on the presence and nature of water
in clay minerals and can provide clues to the nature of the
silicate anions in the mineral structure.

Some characteristic vibrational group fregquencies in

the minerals are given in Table 2.

Table 2. Characteristic Group Frequencies in Minerals

Wavenumber Description of Absorption

{cm™+)

3704-3195 Strong sharp band for O-H of hydroxyl group and H,0

3597 Strong sharp band for O-H stretching of water of
hydration

3407-3195 Strong broad band for 0-H stretching of free water

3401 One or more strong sharp bands for O-H stretching
of water of hydration

3401-2000 Strong to medium-strong multipeaked O-H gtretching
for acidic salts as HCO3, HPOz“ and HSOZ

3330-2800 N-H stretch in NHy

1650 H-0=-H bending

1650-15%90 H-0-H bending, medium, for water of hydration

1650-1300 C-0 stretching in carbonates and bicarbonates

1500-1390 N-H bending in ammonium ions

1499-300 Stretching and bending of polyatomic ions

1460-1200 B-O stretch of (BO3),

1250-900 8i-0 stretching in (SiO4),

1200-11900 8-0 stretch of sulfates

1200-900 P-0 stretching in (PO4)n

1100-850 B-O stretching in (BO4),

1000-750 Mo-0 stretch of molybdates

950-600 Si-C stretching in (8i0g)p

915-730 V-0 stretch of VO,

900-700 W-0 stretching in (WOg)p

890-700 C-0 bending in carbonates and bicarbonates

870-700 Cr-0 stretch of CroO,

850-730 As-0 stretching in arsenates

800-600 B-O bending in (BO3}p and (BO4),

700-600 S-0 bending in sulfates

600=-500 P-0 bending in (PO4),

£500 Si-0 bending in silicates

{500 V-0 bending in V04, Cr-O bending in CrO4, W-O bend-
ing in WO, and (WOg),, Mo-O bending in MoO, and’
(MoOg) , and As-O bending in arsenates

400~10 Lattice modes between metal and nonmetal in a lat-

tice

IR spectroscopy provides a rapid, simple and
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convenient nondestructive means of characterizing and iden-
tifying some minerals. Limitations are primarily associated
with sample preparation. For example, the higher tempera-
tures resulting from fine grinding will cause loss of vola-
tile component of the mineral. The high pressures (130,000
psi) required to make clear discs may change the mineral.
Windows of KBr, NaCl and CsBr cannot be used with mulls as

they cause ion exchange.

WET CHEMICAL ANALYSIS

The study of minerals by wet chemical analysis re-
quires grinding to a fine size and solution in an appropri—
ate acid. In some cases fusing in a platinum crucible may
be reqﬁired before solution. The chemical species to be de-
termined are separated from interfering substances by group
precipitation, controlled precipitation, electrodeposition,
dr solvent extraction. The constituents are then determined
by fire assay or by gravimetric or volumetric methods.

Conventional wet chemical analyses are laborious, time
consuming and thus expensive, especially if many samples are
to be analyzed. Detection limits are usually poor compared
to instrumental procedures, sc these methods are not suita-
ble for trace constituent analyses. In spite of these draw-
backs, wet chemical methods are still most valuable and are

commonly used for routine analyses.
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ION EXCHANGE CHROMATOGRAPHY

This is a commonly used technique for the analysis of
silicate rocks and minerals, especially for components in
low concentration. Using ion exchange, these components can
be separated and concentrated; further analysis can be done
spectrographically or by other suitable methods. Ion ex-
change chromatography is used as a step in analysis; the ex-
perimental technique is simple and in most cases fairly

rapid.

COLORIMETRY

The determination of elements in geclogical samples
based on the intensity of colored solutions obtained by ap-
propriéte chemical treatment of these materials is a Qell—
established quantitative method that is often used in miner-
al analysis. In many cases, the color intensities follow
Beer's Law.

Colorimetric methods are accurate and sensitive, and
provide reliable and precise results. Detection limits of-
ten fall in the parts per million range. However, the accu-
racy and precision of a colorimetric analysis diminishes
when measurements are made outside the optimum absorbance
and concentration limits. Obviously colored systems which

decompose or which do not obey Beer's Law cannot be studied.

MICROSCOPIC METHODS

A good petrographic microscope with accessories is
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essential for mineral analysis. Minerals are most conven-
lently examined microscopically either in the form of frag-
ments or thin sections. The important properties of miner-
als include crystal form, twinning, inclusions, alterations,
cleavage, color, refractive index, optical anomalies, asso-
clated minerals, texture relations, axial angles 1n biaxial
species, mode of occurrence and diagnostics.

Refractive index measurements have been used for iden-
tification and approximate composition determination pur-
poses. An accuracy of 0.0l for the former and 0.CC5 for the
latter is required in measurements(2).

In the immersion method, the refractive index of the
clay mineral is determined by suspending its grains in lig-
uids of various refractive indices as determined by the nor-
mal illumination; the grains are transparent in the liquid
having the same refractive index.

Factors which affect the refractive index measurements
by immersion methods are the design of the microscope, the
skill and acuity of the worker, the particle size, the sh§pe
and refractive index of particles and their visibility, the
uniformity of refractive index throughout the specimen, the
precision with which the reference liquids are calibrated
and the refractive index intervals between adjacent members

of a standard series.

X~RAY TECHNIQUES

X-ray methods utilize the fact that X-rays have wave-
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lengths of the order of distance between lattice planes con-

‘taining atoms in a crystal lattice and these planes act as a

diffraction grating as shown in Fig 4.

Figure 4. Diffraction of X-rays by a Set of Planes

The path difference between CA,D and BA,F rays is

'equai to 2dSin & and in order for two beams to reinforce,

the path difference has to be an integral multiple of wave-
rlength of X-ray. This information led to what is known as
Bragg's equation;
N = 2dSIN O tvucveoanssacanacassanscccnsnanaas(lB)
Every clay mineral scatters the X-rays in its own dis-
tinct diffraction pattern giving rise to a "fingerprint" of
its atomic and molecular structure. This diffraction pat-
tern can be photographed and kept for future comparative
work.
| Advantages of X-ray diffraction are the relative sim-
plicity of spectra, almost complete freedom from chemical
influences, predictability of behavior, and nondestructive

nature. The greatest disadvantadge is that X-rays are
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dangerous and safety precautions must be observed. Expense

is also a factor.

THERMAL ANALYSIS

7. Thermal analysis covers "a group of related techniques
whefeby the dependence of the parameters of a physical pro-
perty of a substance on temperature is measured"(30). Dif-
ferential thermal analysis (DTA), thermogravimetry (TG),
derivative thermogravimetry (DTG) and evolved gas analysis
(EGA) are included under thermal analysis methods and are
being used extensively in clay mineralogy.

In DTA the difference in temperature between a sub-
stance and a reference material is recorded against either
timé-or temperature as the two specimens are subjected to
identical'temperatuie regimes in an environment heated or
cooled at a contrclled rate.

‘ In TG the mass of a clay mineral heated or cooled at a
controlled rate is recorded as a function of temperature or
time. DTG provides the first derivative of TG curve with
respect to temperature or time.

EGA is defined as a technique to determine the nature
and amounts of volatile components formed-during thermal
analysis.

DTA has definite advantages over TG and EGA since it
enables phase changes and solid state reactions to be de-
tected as well as decomposition or oxidation reactions. A

comparison of DTA and DTG shows which reactions are
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associated with mass changes and which are not.

None of these techniques is truely diagnostic by
itself but they have value when they are combined with
others, Thermoanalytical results combined with X-ray dif-
fraction and IR can provide reasonably complete information

on a mineral.

ELECTRON MICROSCOPY

Electron microscopy uses the resolving power of a beam
of electrons to investigate the shapes and sizes of a crys-
tal at a finer level. An important feature of an electron
microscope is its ability to form diffraction patterns from
very small regions of a sample (typically 1 micrometer in
diameter). This information combined with other morphologi-
cal evidence can be very useful in mineral studies. 1In
spite of the thinness of the specimen one is constrained to
use, electron microscopy is a useful technique but its ap=-
plications in mineralogical chemistry still need to be ex-

ploited.

SCANNING ELECTRON MICROSCOPY AND MICROANALYSIS

The techniques normally studied under this topic are
scanning electron microscopy (SEM), electron probe microa-
nalysis (EPMA), ion probe microanalysis and the surface and
near-surface techniques as Augur Electron Spectroscopy
(AES), low energy electron diffraction (LEED) and electron

spectroscopy for chemical analysis (ESCA). Of these, SEM
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Standard Reference Material 120b

Phosphate Rock
(Florida)

This standard is a finely powdered material intended for use in checking chemical methods of analysis and in
calibration with optical emission and x-ray spectrometric methods of analysis.

See ADDENDUM®* (Over) for Uranium (Radium and Thorium)
(All results are based on samples dried for 1 tour at 105 °C.)

Percent by Weight

! Soluble | Soluble
ANALYST*[P,05 | CaO | Si0,| F |Fey0, | ALOs | MgO| NagO | MaO Ko 0 Ti0, | COy [GdO
] 34.512 | 49420 { 4.70% [3.82d | 1000 | Loof8 [o0.20b {033 paos2 | o020 « | oask | - Jo.0o2!
2 34.51™| 49.35™ | 4,737 | 3.79™f 110k | Lovh | 280 36 [Losih | 2 jo.90 - |2.760 | o02h
3 34.66" | 49.38™ | 4679|383 {1000 | 1ot | 30 | 360 .os2h | 12 0080 15 |2.79 | .o02h
1 34.677 | 49.47™ | 4.6041381° | 1430 | 1oab | 28h | ash | gaah - 0870 13k [2.78P | oosh
5 3457 | 49.32M | 4639386 |106h | Losh | b | by - 085¢| - [283 | -
6 34.48M1 49.45™ | . [3.92% | 1.t4™ | 107 - - -
Average  [34.57 | 49.40 | 468 [384 [L1o [ 106 1028 035 po32 o2 |0.090 | 015 279 [0.002

2 Phosphorus precigitatcd with magnesia mixture, ignited and
weighed as Mg, P, O,.

0 Calcium precipitated as oxalate, ignited and weighed as Ca0,

¢ Sample fused with Na,CO,, slica precipitaied with Zn0O and de-
hydrated with HCL Traces of Si0, recovered by H, 30, dehydra-
tion.

d Fluorine distilled into NaOH selution and precipitated as lead
chiorofluoride. Chloride is precipitated with excess AgNO, and
excess AgNO, is titrated witﬁ standard KCNS solution.

€ 3n(l; reduction — K, Cr, O, titration.

f Flame emission spectrome fry with repetitive optical scanning,

§ A value of 1.13 percent was obtained for total Al O, by gravim-
etry.

h Atomic absorption spectromemry.

i K10, spectrophotometric method.

Washington, D.C. 20234
July 31, 1972
ADDENDUM?* (Over)
July 31, 1979
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! Sample digested with mixed acids for 1 hour. Determination com-
pleted by atomic absorption spectrometry.

k H, 0, spectrophotometric method.
I Polarographic method.

MY olumetric method.

® Gravimetric method.

? Sample digested with dilute HCI or aqua regia for 13 minutes.
Determination completed by atomic absorption spectrometry,

P CO, absorbed and weighed.

9 Dehydration with HCIO, in presence of borie acid.

¥ Molybdovanadophosphate spectrophotometric method.

® Distillation — titration with standard thorium nitrate solution.

! Aluminum precipitated with 8 hydroxyquineline and weighed.

J. Paul Cali, Chief
Office of Standard Reference Materials

(over)
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The overall direction and coordination of the technical measurements Ieéding to certification were
performed under the chairmanship of O. Menis and J. 1. Shultz.

The technical and support aspects involved in the preparation, certification, and issuance of this Stand-
ard Reference Material were coordinated through the Office of Standard Reference Materials by R.E.
Michaelis and C. L. Stanley.

PREPARATION, TESTING, AND ANALYSIS: The material for this standard was prepared by the Ameri-
can Cyanamid Company. Eighty five percent of the lot was made to pass 200 mesh sieve and some blending
was done at the plant. Final sieving and blending operations were accomplished at NBS.

Homogeneity testing was performed by 3. D. Rasberry, C. E. Fiori, and J. McKay with x-ray fluor-
escence analysis. Caleium and phosphorus determinations were made on 14 samples representative of the
top and the bottom of seven containers. The size of the samples taken for analysis was approximately
35 mg. The maximum variations in concentration among samples were within 0.09 percent for CaO and
0.12 percent for P, O;.

The laboratories and analysts cooperating in the analytical program for certification were:

L. R. K. Bell, E. R. Deardorff, E. J. Maienthal, T. C. Rains, T. A. Rush, and S. A. Wicks, Analytical
Chemistry Division, Institute for Materials Research, National Bureau of Standards.

2. J. Padar, Agrico Chemical Co., Division of Continental Oil Company, Pierce, Florida.

3. D. B. Underhill, Borden Chemical Co., Plant City, Florida.

4. C. C. Thornton, Thornton Laboratories, Inc., Tampa, Florida.

3. W. W. Harwood, R. M. Lynch and H. N. Gomez, International Minerals and Chemical Corp., Bartow,
Florida.

6. J. A. Sielski, American Cyanamid Co., Brewster Plant, Bradley, Florida.

*ADDENDUM

Uranium has been determined at NBS by thermal ionization mass spectrometry, E. L. Garner and L. A.
Machlan, and the following certification is made:

Value, ug/g Estimated Uncertainty®
Uranium 128.4 0.5

“The estimated uncertainty is based on judgment and represents an evaluation of method imprecision and
material variability.

(NOTE: On similar phesphate rock matertals, a value of 127 ug/g for uranium was reported in Ref. I;
additionally, values of 17 ug/g for thorium and 43 pCi 23 Ra/g for radium also were reported.)

Ref. 1 Agr. Food Chem,, 16, No. 2, 1968 (p232)
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APPENDIX P

LIST OF ABBREVIATIONS

Augur electron spectroscopy
Attenuated total reflection
Attenuated total reflection infrared
Carey Company

Company

Corporation

Delta College Geology Department
Differential thermal analysis
Differential thermogravimetry
Evolved gas analysis

Electron probe microanalysis
Equation

Electron spvectroscopy for chemical analysis

- Figure

Indiana, USA

Infrared

Internal reflection element

Internal reflection spectroscopy

Low energy electron diffraction

National bureau of Standards

Pacific Asbestos Corporation

South Caroclina, USA _

Scanning electron microscopy

Standard Reference Material

S. W. Corner Company

Thermogravimetry

University of the Pacific Geology Department
University of the Pacific Chemistry Department
Unknown source

Utah, USA

Wyoming, USA
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APPENDIX @Q

NAMES AND FORMULAS OF VARIOUS MINERALS

Name

Allophane
Anauxite

Argillaceous limestone

Bauxite
Beidellite
Biotite
Boehmite
Bravaisite

Chrysotile
Cliachite

Diaspore

Dickite

Dolomitic limestone
Endellite

Gibbsite

Halloysite
Hectorite

Illite

Kaolinite
Lepidolite
Metahalloysite
Montmorillonite
Muscovite
Nacrite
Nontronite
Parakaolinite
Petalite
Potassium feldspar
(Microcline)
Ptilolite
Pyrophyllite
Saponite
Sodium feldspar:
Albite
Nepheline
Oligoclase
Spodumene
Sporogelite
Talic

Formula

A14Si4010(0H)8.4H20

A1203.3Si02‘2H2O

CaCO3

A1303.2H,0

Al2,17(alo,33) (Nag,33) (8i; 17)010(0H)

(H,K) 5 {Mg,Fe)Al,(8i04) 5 =~

A1203.H20

Ko.50(Al1,65Fe(III) g, 15M30,30) {(Alg, 50513, 50)
OlO(OH)z

3Mg0.25i07.2H0

Aly03.H0

A1203.H20

Al503.28102.2H20

CaMg(CO3) 2

Al45i4010(OH)8.4H20

Al1503.3H50

Al,Si,0¢ (OH) ,

Mgy g7Lig,33)Nag, 33514010(0H) 5

2K20.3M0.8R203.245102.12H50, where M = Mg(II),
Fe(II), etc.; and R = Fe(III), AL(ILII}, etc.

A1203.28i03.2H50

4[R(Li,Al) 3(Si,A1) 4010 (OH,F) ;)

Al4514010(0H)8.2H20

Aly ,67Mg0.33(Nag, 33)Sig010(0H) 5

4 [KAL3814074(0H) 17

Al+03.28i02.2H20

Fe(III)Z.OO(AlO.BB(NaO.33)Si3-67)010(OH)2

1.01 Al503.25i05. 2.09 H30

4 [Lialsi401¢)

KAl5i40g

{(Ca,K,Na)0.A1,05.105i05.7H30
Sighl 05, (0H) 4
Mg3_oo(A10_33(Nao,33)si3_67)020(OH)20

NaAlSizOg

NaAlSiO4

fNa;,Ca] 0.A1203.55109
4{LiAL(Si03) 4]
Al,03.H0
SiBMgGOZO(OH)4
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