ar
[S31

Clay Mingrals: A Guide to |
Their x-dj;y dentification |

i

¥

} 1
H
H

TS
—

30
Dorothy Carroll f
20
10
THE
GEOLOGICAL SOCIETY
OF AMERICA
| | l l
12 10 SPECIAL PAPER 126

2 6 Cu K

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956069/spe 126-fm.pdf
bv auest




Clay Minerals: A Guide to
Their X-ray ldentification

Dorothy Carroll
U.S. Geological Survey, Menlo Park, Califernia

THE
GEOLOGICAL SOCIETY
OF AMERICA

SPECIAL PAPER 126

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956069/spe 126-fm.pdf
bv auest



Library of Congress Catalog Card Number: 71-98016
S.B.N. 8137-2126-1

Published by
THE GEOLOGICAL SOCIETY OF AMERICA, INC.
Colorado Building, P.O. Box 1719
Boulder, Colorado 80302

1970

Reprinted 1974

Printed in the United States of America

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956069/spe 126-fm.pdf
bv auest



The printing of this volume has been made possible
through the bequest of
Richord Alexander Fullerton Penrose, Jr.,
and is partially supported
by a grant from

The National Science Foundation.

As this volume was being completed The Society
received word of Dorothy Carroll’s death on January 30,
1970. The summary of much that she learned during an
active and productive life will, it is hoped, stand as a
fitting memorial to her contributions to the science.

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956069/spe 126-fm.pdf
bv auest



Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956069/spe 126-fm.pdf
bv auest



Contents

Introduction .. 1
Clay-sized material ... e 2
Clay minerals .o 3
Other minerals of clay size ... 3
Environment of clay minerals . . e b

Kinds of clay minerals ... 7
Kaolinite group minerals ... S 7

Kaolindte .o 7
Kaolinite, disordered ... 9
D KIb it a et e et s e s eenaa et eeaes
B Y o 1 7= TS U VU TUTUUUU SO O UPUURPEURIORURPTUSUUUBTRt
Halloysite ...
Halloysite, disordered ... ... neeees 12
ANAUXIbE et e a e e nmraeneanennee 13
ALlOPRAne oot e e 13
AMOTPROUS CLAY ettt e e e et eae e menaeeene 14
Mica group minerals ... e 14
MUSCOVIEE oottt sem et e et et et e e s nne e 15
Muscovite POLYtYPES . et e s 17
JILE b e et et e n e s ee e s nenne 19
GlaUCONILE .o 19
Celadonite ...t 21
Biotite oottt et e saaea 21
Vermiculite ... eeteeaeteaeamteeaameeeaeamaeaeaeaeameeeaas 22
Montmorillonite group minerals ... 23
Montmorillonite ... 25
Cholorite group minerals ... 31
Chlorite . ot :

Chlorite polytypes ..
Swelling chlorite

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956077/spe126-toc.pdf
bv auest



vi

Mixed-layer clay minerals

X-ray diffraction as applied to clay mineralogy

Techniques for X-ray identification of clay minerals

Palygorskite-sepiolite group minerals

X-RAY IDENTIFICATION OF CLAY MINERALS

Dioctahedral chlorite

Chamosite ...

Palygorskite

Sepiolite

Routine procedures
Preparation of clays for X-ray examination
Quantitative estimation of clay minerals in mixtures
References cited
Index
ILLUSTRATIONS

FIGURE

1. X-ray diffractograms of the (001) spacing in an oriented mount of

2. Crystallinity index for kaolinite (unoriented mount) ..........

3. Mineralogical relations of members of the dioctahedral mica group ....

well-crystallized kaolinite and poorly crystallized kaolinite ...

4. X-ray diffractograms of the (001) spacing of muscovite and illite

5. Dehydration of vermiculite

(oriented mount)

6. Potassium uptake in vermiculite from Libby, Montana as shown by

10.

11.

12.

X-ray diffractograms of oriented mounts of the (001) spacing ...........

X-ray diffractograms of the (001) spacing of oriented mounts of
montmorillonite from Chambers, Arizona

Classification of the chlorites based on two principal types of ionic
replacement

Possible mixed-layering of clay minerals

Three-component composition triangles for the four possible inter-

layer mixtures of 10 A, 12.4 A, 14 A, and 15.4 A clays ...corereereeeren...

X-ray diffractogram of oriented mount of clay typical of sediment

on the sea floor at lat 35° 00’ N, 165° 00’ W., northern Pacific Ocean ....

Areal percentage relation of oriented mounts of kaolinite (001) and
montmorillonite (001)

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956077/spe126-toc.pdf

34
35

36

42
42
43

45

48
51
57

63
69
7

16

20
23

24

27

33
39



ILLUSTRATIONS vii

PLATE
1. Sample holder for X-ray diffraction of unoriented clay samples ..._...... 30
TABLE
1. Classification scheme of clay minerals ... 4
2. Nonclay minerals in the clay fraction ...l 5
3. Characteristies of micaceous clay minerals ... 16
4. X-ray d reflections from 8° to 85.2° 209 for 2 M, 1 M, and 1 Md musco-
vite polytypes with CuKq radiation ... 17
5. Muscovite polytypes in the clay-sized fractions of sedimentary
BE: 003 o £ O O USROS UUUSRI 18
Spacings of hk reflections of montmorillonites ...t 28

7. Mass absorption coefficients for CuKy and FeKq radiation of common
ININETALS .ot cree e e r e e s ran s cemne e e eme s emtenan e 47

Intensity of X-ray diffraction from fine quartz powders .................... 48

X-ray identification of the principal clay minerals (<2 microns) in an

oriented mount of a separated clay fraction from sedimentary

material ... e facing page 50
10. Temperatures required in the identification of clay minerals ............ 52
11. Surface area and number of particles in 1 g of some standard minerals .. 56
12. Quantitative identification of clay minerals and certain others in the

clay fraction (<2 microns) of sedimentary materials by X-ray diffrac-

L7 o3 « S OO USROS OSSOV 67

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956077/spe126-toc.pdf
bv auest



Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/956077/spe126-toc.pdf
bv auest



Introduction

This paper is a guide to the X-ray examination of clay min-
erals; it incorporates background information concerning the
principal crystallographic features of clay minerals, and how this
is used in the X-ray identification of these minerals, together with
laboratory techniques and the application of X-ray diffractometry
to the diagnosis of the clay minerals in natural sedimentary
materials.

Clay is a natural material of very fine texture, usually plastic
when wet, and hard and compact when dry. Clay consists mainly
of fine mineral particles with admixed organic matter and/or other
fine mineral grains, which range in size downward from 0.002 mm
(2 microns). It has a large surface area because of its fine size
and the platy character of the individual minerals. The finest part
of clay behaves as a colloid; fineness of grain size and other
physical properties result in stickiness as well as plasticity when
wet. These properties have been made use of in numerous cultural
and industrial applications.

Clay is essentially a weathering product of the disintegration
and chemical decomposition of igneous rocks and of some types of
metamorphic rocks. In sedimentary rocks it is largely detrital,
but during geologic time a certain amount of diagenesis generally
takes place. In marine and nonmarine unconsolidated sediments,
the clay is also at first detrital, but it may subsequently be modified
by the environment. Commercial clay deposits are mostly residual,
as in the Cornish kaolin deposits. Clays may be winnowed from
their original environments and accumulate as pocket deposits.
Those that have been derived from transportation and deposition
of volecanic glass in an aqueous environment form the important
bentonite beds in parts of the northern United States.
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2 X-RAY IDENTIFICATION OF CLAY MINERALS

Clay, in larger or smaller quantities, is a constituent of the
soils and sediments of most natural environments and of most
materials that are examined by geologists and soil scientists. The
easily recognizable physical properties it possesses has enabled
people to use it for building (bricks) and pottery, and for the early
hieroglyphic writing on tablets long before its nature was under-
stood.

This paper describes methods for the X-ray examination and
diagnosis of the clay minerals commonly found in geologic materials.

CLAY-SIZED MATERIAL

Clay-sized material is considered here to be less than 0.002 mm
or <2 u effective spherical diameter (U.S. Department of Agricul-
ture, 1951). There is a natural break in the continuity of weathered
material at the lower limit of the silt-size, which is 2 microns.
In natural material or crushed rock the larger sand-sized grains
are, on microscopic examination, distinet monomineralogic grains.
In gravel or coarse sand, the grains may consist of quartz by itself
or of quartz and other grains. Such grains are often aggregates.
To the naked eye the finest material, clay, appears to be amorphous,
but although the grains are very small they are crystalline alumino-
silicates.

Clay has different surface chemical reactions and different
bulk physical properties from those of the larger grains of silt,
sand, and gravel of weathered rocks. Whatever its ultimate com-
position, the fine particles are called clay.

There are many classifications of the grain sizes in natural
materials, but most agree that clay is <2 microns (0.002 mm) in
grain diameter. A useful chart correlating the various grain-size
definitions of sedimentary materials has been compiled by Truesdall
and Varnes (1950).

Soil scientists formulated an international classification of the
sizes of the mineral grains in soils (U.S. Department of Agriculture,
1951, p. 207). Most examinations of the grain size distribution in
soils refer to these sizes unless otherwise stated. The grain sizes
in the international classification are:

Coarse sand 2-0.2 mm Silt 0.02-0.002 mm
Fine sand 0.2-0.02 mm Clay <0.002 mm

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/964509/spe126-0001.pdf

bv auest



INTRODUCTION 3

CLAY MINERALS

The crystalline nature of clay minerals was long anticipated
by mineralogists (Grim, 1953, p. 11-25), but it was not until 1930
that Hendricks and Fry (1930) of the U.S. Department of Agri-
culture were able to prove by X-ray powder photographs that clay
consists of crystalline mineral particles. Even though the fact of
crystallinity was known, it was not until after World War II that
wide-range goniometers used on X-ray units provided the means
for the rapid identification of the minerals present in clays. As a
result of the pioneering efforts of many researchers, the identifica-
tion of clay minerals in all kinds of sedimentary materials has
become almost routine in many universities, government institu-
tions, research institutes, and private industry.

The principal minerals in clays are layer-lattice silicates
(phyllosilicates), except the Palygorskite-Sepiolite Group which
are chain silicates. The layer-lattice silicates are made up of
combinations of two structural units, a silicon-oxygen tetrahedron,
and an aluminum-oxygen-hydroxyl octahedron. A report on the
classification of the phyllosilicate clay minerals by the International
Mineralogical Association was given by Brindley (1966), and the
complete Report of the Nomenclature Committee (1966-67) of the
Clay Minerals Society was published by Brindley and others (1968).
Table 1 gives the tabulation of the Nomenclature Committee. It
includes some minerals that have not been identified in clays and
omits important details of others. The clay minerals commonly
found in each of the major groups, kaolinite, mica, montmorillonite,
chlorite, and palygorskite-sepiolite, and in clay fractions of sedi-
mentary materials, are further classified in the description of each
group. An important omission in Table 1 is the mention of the
mixed-layer minerals that are so prominent in most natural situa-
tions. The position of illite has not yet been clarified by the I.M.A.
Many minerals so identified may be interstratified. Mackenzie and
Mitchell (1966) also published a classification of the clay minerals
based on the I.M.A. classification. Their classification includes
the chain silicates palygorskite and sepiolite.

OTHER MINERALS OF CLAY SIZE

Many non-clay minerals may be present within the size range
of clay minerals. The presence of a mineral depends principally
on its presence in the distributive province, its stability on weather-
ing and, for some minerals, the geochemical changes that take place
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TABLE 1. CLASSIFICATION OF THE CLAY MINERALS

Group
Type (v = charge per Subgroup Species*
formula unit)
Kaolinite-serpentine Kaolinites Kaolinite, halloysite
1:1 Serpentines Chrysotile, lizardite,
x~0 antigorite
Pyrophyllite-talc Pyrophyllites Pyrophyllite
z~0 Tales Talc
Smectite or Dioctahedral smectites Montmorillonite,
Montmorillonite- or Montmorillonites beidellite, nontronite
saponite
2z ~ 0+25-0-6 Trioctahedral smectites Saponite, hectorite,
or Saponites sauconite
Vermiculite Dioctahedral vermiculites Dioctahedral vermiculite
2:1
x ~ 0:6-0+9 Trioctahedral vermiculites Trioctahedral
vermiculite
Micat Dioctahedral micas Muscovite, paragonite
z~1 Trioctahedral micas Biotite, phlogopite
Brittle mica Dioctahedral brittle Margarite
micas
-~ 2 Trioctahedral brittle Clintonite
micas
Chlorite Dioctahedral chlorites
4-5 oct. cations per
formula unit)
2:1:1
x variable Trioctahedral chlorites Pennine, clinochlore,
(5-6 oct. cations per prochlorite

formula unit)

*Only a few examples are given

tThe status of illite (or hydromica), sericite, etc. must be left open at present
because it is not clear whether or at what level they would enter the Table; many
materials so designated may be interstratified.

After Brindley and others, 1968, p. 323.
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INTRODUCTION 5

after deposition. The same factors apply to residual deposits of
clay. Stability on weathering will allow for transportation and
deposition of a mineral in the formation of a sediment, and for
the presence of a mineral in residuum or slightly transported
residual deposits. Table 2 gives the principal non-clay minerals
to be expected in the clay sizes, that is, <2 microns.

Other minerals may be present under certain conditions. In
addition to the minerals listed in Table 2, Brown (1961) gives
titanium oxides, pyrophyllite and tale, sulfides, sulfates, phosphates,
and gibbsite. Their presence can be found by X-ray diffraction
only if they occur in excess of about 5 percent by volume or weight.
Specific tests combined with X-ray diffraction may indicate their
presence.

TABLE 2. NON-CLAY MINERALS IN THE CLAY FRACTION

Distributive Residual Transported Diagenetic
province deposit sedimentary
Mineral material

Quartz + + +
Feldspar + ? 4o R
Dolomite 4+ +
Calcite 4+ Rk o
Iron oxides + + + ?
Zeolites + e +

+Present.

...... Absent.

? Possibly present, depending on climate.

*Depends on type of weathering and transportation.

**Feldspar is authigenic under certain conditions; for example, in some
limestones. Calcite is authigenic in some clay deposits and in soils that
are not leached, such as Pedocals.

***QGenerally in the form of foraminiferal tests and shell fragments.

*Compiled by Dorothy Carroll

ENVIRONMENT AND OCCURRENCE OF \CLAY MINERALS

There are two principal kinds of situations in which clay
minerals are found:

(1) Clays are produced by alteration of minerals as rocks
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6 X-RAY IDENTIFICATION OF CLAY MINERALS

weather in situ as a result of chemical leaching that is
caused mainly by rainwater, ground water, and drainage.

(2) The altered original minerals may be removed by erosion

and redeposited.

Although the end products of weathering under leaching con-
ditions are the same in any well-drained situation, the time required
for clay mineral production varies. Generally, time is measured
geologically.

Clay minerals are formed as the result of chemical alteration
of primary rock-forming minerals: feldspars, some ferromagnesian
minerals (olivine, pyroxenes, amphiboles, mica). These minerals
vary in their stability or ease of alteration; for example, the
stability of the ferromagnesian minerals is as follows:

muscovite >>> amphibole (igneous) > pyroxenes >>> olivine > biotite.

Hence, muscovite (and its derivative illite) is of widespread
occurrence in sediments and residual deposits, whereas the other
ferromagnesian minerals (with the exception of metamorphic
types of amphibole) are of local derivation, and their presence
denotes a short period of weathering.

The geochemical environment in which these minerals are
found will modify their composition and structure in ways that
are not yet completely understood. Different types of clay minerals
develop from alumino-silicate parents, depending first on the
weathering environment. The initial alteration is generally modi-
fied by its later geochemical environment. Thus, feldspar com-
monly alters first to montmorillonite because the environment of
initial alteration is alkaline. In a dry climate, montmorillonite
will be stable (as it is in the Wyoming bentonite beds), but with
chemical leaching, an accompaniment of a moist climate and good
drainage, the initial montmorillonite will change first to halloysite
(4H.0) and then to kaolinite. With further leaching continued for
a long time, the kaolinite loses silica, and gibbsite results.
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Kinds of Clay Minerals
KAOLINITE GROUP MINERALS

The minerals in this group are hydrated alumino-gilicates of
general chemical composition ALO, : Si0, : H.O =1 : 2 : 2.
Structurally they are phyllosilicates of type 1 : 1 (Table 1). The
individual sheets are unsymmetrical with SiO.-tetrahedra on one
side and Al,O;-octahedra on the other. The hydroxyl groups of the
octahedral sheet are in contact with the basal oxygens of the tetra-
hedra of the next sheet. The kaolinite minerals thus have two
surfaces, each of which is different in chemical and structural
composition. There is no isomorphous replacement of cations in
the structure, and there is no charge on the unit cell.

The kaolinite group minerals can be divided into two sub-
groups, a, structurally and chemically similar to kaolinite, and b,
similar to ¢ but with additional water.

a b

Kaolinite Allophane (amorphous to X-
Disordered and poorly crystal- rays; contains adsorbed

line kaolinite water)
Dickite
Nacrite
Metahalloysite (7A) Halloysite (10A; contains inter-
Disordered halloysite layer water)
Kaolinite

Chemical Composition. 2 AlSi,O; (OH). or 2 Si0, - AlO,
« 2H,0 per unit cell. There are no isomorphous substitutions in
kaolinite. The water in kaolinite exists as hydroxyl groups.

Structure. Kaolinite consists of sheets of SiO, tetrahedra
bonded to sheets of Al,Q; octahedra that are continuous in the
a and b directions and stacked one above the other in the ¢ direction.

7
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8 X-RAY IDENTIFICATION OF CLAY MINERALS

Unit Cell. ¢ = 514 A; b = 898 A; ¢ = 7.87 A. Kaolinite is
triclinic, and Z = 1, o = 91° 48’; B8 = 104° 30’; v = 90°. Each
layer has a thickness of about 7.15 A (tetrahedral sheet = 2.1 &;
octahedral sheet = 5.05 A) which is 001 for kaolinite.

Diffraction Pattern—Oriented Mount. An integral series of
d reflections (spacings) based on (001), that is, 7.15 A = (001);

—_——— e

DEGREES 20

Figure 1. X-ray diffractograms
of the (001) spacing of well-
crystallized and poorly crystal-
lized kaolinites (CuKe radiation,
10® cps., multiplier 1, ratemeter
4; chart speed 30”/hr., scanning
speed 1° 24 min, kv 50, ma
20). (a) Kaolinite, A.P.I. H-5,
Bath, South Carolina. (b) Kao-
linite, soil, Virginia.

3.57T A = (002);2.85 A = (003) ;
1.79 A = (004). In most mounts
of kaolinite only the (001) and
(002) reflections are sufficiently
intense for recognition in diffrac-
tometer charts. The intensity of
the (008) and (004) reflections is
insufficient for recognition in
mixtures of minerals. The appear-
ance of the (001) reflection of
well-crystallized and poorly crys-
tallized kaolinite in an oriented
mount is shown in Figure 1.

Unoriented Mount. In well-
crystallized kaolinite a series of
reflections between 3.87 and 2.55
A caused by hkls (111)-(201) and
hk bands are characteristic of
poorly crystallized kaolinite. The
(060) reflection at 1.48 A-49 A,
giving the b dimension of the unit
cell, is usually easily obtained.

Identification. The presence of
~T7 A d reflection (001) and 8.57
A-58 A d reflection (002) in ori-
ented mount ; collapse of structure
to an X-ray amorphous mineral,
metakaolin, on heating to ~550°
C; (060) d reflection of about
1.49 A-1.50 A.

Occurrence. Found in decom-
posed igneous rocks, in leached
soils, in residual clay deposits, in
hydrothermally altered rocks of
suitable composition. Kaolinite is
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KINDS OF CLAY MINERALS 9

generally more abundant in regions of tropical weathering than
in more temperate zones. Kaolinite occurs in detrital deposits
derived from tropical weathering.

Kaolinite, Disordered

Chemical Composition. Similar to that of kaolinite. In addi-
tion to impurities in the samples there may be some isomorphous
replacement in the octahedral layer.

Structure. The structure is similar to that of kaolinite but is
disordered principally by random layer displacements parallel to the
b axis. When only partial order exists, the triclinic angle & = 91.6°
of well-crystallized kaolinite becomes 90° in disordered forms which
are then pseudo-monoclinic. Brindley (1961b, p. 64-65) gives a
detailed description of disorder in kaolinite. Hinckley (1963) in-
vestigated the crystallinity of the hard and soft kaolins in Georgia
and South Carolina. “Hard” and “soft” describe the ease of pulver-
izing the two principal types of kaolin found in commercial kaolin
deposits. The hard kaolin was sedimented in a marine environment,
and the original detrital kaolinite was not recrystallized. The soft

kaolin was sedimented in a fresh-
water environment, and the
detrital kaolinite was leached
and recrystallized. He used the
110 and 111 d reflections of kao-
"W ling at 20.4° and 21.8° 26 (CuKa
radiation) to measure the crys-
tallinity. The method of meas-

o urement is shown in Figure 2,
W ' " and details of the method are
i given by Bates and Hinckley

" (1959).

Unit Cell. ¢ = 515 A; b =

893 A; ¢ = 7.39 &; B8 = 104.5°,

ST and disordered kaolinite is prac-
tically monoclinic.

A Diffraction Pattern. Disorder

in kaolinite results in the broad-

R S S S— ening of the (001) and (002) d

reflections, and consequently a

Figure 2. Crystallinity index for lowering of intensity of reflec-
kaolinite (unoriented mount, after tions in oriented mounts. In

Hinckley, 1963). Reprinted by cour- .
telsnyc O:?yperganzon S‘;ﬁ‘s‘; elnc_y ¢ unoriented mounts, a broad
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10 X-RAY IDENTIFICATION OF CLAY MINERALS

reflection in the vicinity of 4.48 A (19.8° 26) occurs instead of a
number of sharp reflections.

Identification. In oriented mounts the presence of disordered
kaolinite is shown by broad (001) and (002) d reflections at ap-
proximately the same distance 26 as those in ordered kaolinite. Fig-
ure 2 shows the appearance of ordered and disordered kaolinite
in an oriented mount.

Occurrence. There is a considerable variation between well-
crystallized and poorly crystallized kaolinite in the situations in
which kaolinite occurs. Geologically, old kaolinitic soils may con-
tain well-crystallized kaolinite, but the type often found is similar
to that of Figure 1 (b). Clay deposits may contain both hard and
soft kaolinite. The kaolin clays of the southeastern United States
were investigated, among others, by Hinckley (1963), who showed
that the hard kaolinites have better crystallinity than the soft
kaolinites. A method for distinguishing between well-crystallized
and poorly crystallized kaolinite by X-ray diffraction, known ag the
crystallinity index, was worked out by Hinckley (1963). The essen-
tial features of the crystallinity index are given in Figure 2.

Dickite

Chemical Composition. 2 SiO, - AlL,O, - 2H,0, a polytype of
kaolinite.

Structure. Dickite is extremely well-crystallized in individual
monoclinic plates that consist of SiO. tetrahedra layers bonded to
Al O, octahedral layers, as in kaolinite. Dickite differs from kaolin-
ite in the stacking of the layers. Further structural details are
given in Grim (1953), Brindley (1961b), and Bailey (1963).

Unit Cell. ¢ = 5.15 A;b = 895 &; ¢ = 14.42 A; B8 = 96°48".
The unit cell is similar to that of kaolinite except that it contains
two sets of Si0,-AlQ; layers.

Diffraction Pattern. Dickite gives more intense d reflections
and a clearer diffractogram than most kaolinites in both oriented
and unoriented mounts.

Identification. The diffraction pattern is similar to that of
kaolinite, but the spacings give more intense diffraction than with
kaolinite. The d reflection at about 7.16 A is the (002) reflection;
the (001) reflection at about 14 A is not resolved. The (004) d
reflection at 8.57 A-58 A is in a similar position to the (002) of
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KINDS OF CLAY MINERALS 11

kaolinite. Other reflections in the integral series based on d (002)
are weak (Newnham, 1961; Newnham and Brindley, 1956).

Occurrence. Dickite was first identified as a member of the
kaolinite group from material of hydrothermal origin, but later it
was recognized as authigenic in many sandstones where it had
apparently formed by alteration of detrital minerals and redistri-
bution of their silica and alumina. Such material has recrystallized
as dickite. Dickite is relatively common in sandstones. In the
Hawkesbury Sandstone (Triassic) of the Sydney Basin, Australia,
Bayliss and others (1965) have recorded the widespread presence
of dickite associated with kaolinite and illite. This well-crystallized
dickite developed in the sandstone authigenically, probably as a
result of leaching of detrital material in a porous, although confined,
situation. Dickite does not form in clayey sediments or in soils.
Nacrite

Chemical Composition. Similar to kaolinite.

Structure. Nacrite is a polytype of kaolinite. Bailey (1963,
p. 1205) found that the smallest unit cell is of monoclinic shape
and contains two kaolin layers, whereas Hendricks (1938) had
described nacrite as a six-layer structure with B close to 90°. Two
alternate two-layer unit cells exist, as in dickite, with approximately
100° and 114° (Bailey, 1963, p. 1205).

Unit Cell. ¢ = 896 A; b = 515 A; ¢ = 1435 A. X =D
= 51A;Y = a = 89 A, the reverse of the orientation in kaolinite
and dickite.

Diffraction Pattern. The X-ray reflections from nacrite are
weaker than those of kaolinite and dickite, and consist partly of
broad bands caused by the coalescence of diffractions from several
adjacent planes. The patterns are ill-defined.

Identification. The first basal spacing is similar to that of
kaolinite at about 7.18 A but is d (002) ; a spacing at 8.58 A almost
coincides with kaolinite (002) but is nacrite (004). An indexed
powder pattern is given by Bailey (1963, p. 1206).

Occurrence. Nacrite is rare in comparison with kaolinite and
dickite, but as it is difficult to identify, it may have been described
as kaolinite. Nacrite has been identified as segregations of authi-
genic origin in altered rocks and it has also been recorded in clays
associated with sedimentary rocks. Nacrite probably does not occur
except in restricted situations, as does dickite (Brindley, 1961b,
p. 82).
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12 X-RAY IDENTIFICATION OF CLAY MINERALS
Halloysite

Chemical Composition. Similar in composition to kaolinite.

Structure. A polymorph of kaolinite (Brindley, 1961b; Bailey,
1963). The hydrated form, halloysite, consists of a regular sequence
of kaolinite layers separated by interlayer water. The dehydrated
form, metahalloysite, contains hydroxyl water. Halloysite dehy-
drates irreversibly to metahalloysite.

Unit Cell. ¢ = 515 A; b = 893 A; ¢ = 7.37 A or 10.27 A,
the difference in the ¢ parameter being due to a single molecular
sheet of water.

Diffraction Pattern. Halloysite dried at 110°C has basal spac-
ings (001) and (002) similar to kaolinite. Prior to dehydration the
mineral is either in the 4H.O form or near to it, and the 7 A d
spacing is replaced by one at about 10.1 A. The basal spacings are
broad, implying an irregular stacking sequence. In unoriented
mounts, broad reflections occur at the position of (hko) reflections.

Identification. By less sharp d basal reflections than kaolinite,
and by the collapse of the 10.1 A spacing to about 7.2 A on dehydra-
tion. If halloysite is not completely dehydrated, it can be rehydrated
to a 10.1 A spacing. Halloysite may dry out, so that the humidity
of the atmosphere should be controlled to prevent its reversion to
metahalloysite. The morphology of most halloysite is tubular as
seen in electron micrographs (Bates and others, 1950).

Occurrence. Halloysite is formed in the weathering of igneous
rocks in the sequence montmorillonite — halloysite — metahalloysite
— kaolinite (Carroll and Hathaway, 1963). Moist conditions are
necessary for the stability of halloysite. Halloysite has been re-
corded from Pacific Ocean sediments by Griffin and Goldberg
(1963, p. 734), and it is probably more abundant in marine sedi-
ments than has so far been recorded.

Halloysite, Disordered

There appears to be a gradation between kaolinite and halloy-
site. Halloysite, and hence its dehydrated form, metahalloysite,
has a less ordered structure than kaolinite. Halloysite consists of
a highly random stacking of kaolinite layers (further details of
the relation of the water layers and layer stacking are given in
Brindley, 1961b). Detailed structure analyses cannot be made of
halloysites because of their structural disorder.
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KINDS oF CLAY MINERALS 13
Anauxite

It has been shown recently that anauxite is a form of kaolinite.
The excess silica reported in early analyses is probably amorphous
silica that may have been deposited between kaolinite platelets.
The Nomenclature Committee of the Clay Minerals Society has
ruled that anauxite is not a distant species and that the name should
be discontinued (Brindley and others, 1968, p. 324).

Allophane

Chemical Composition. Hydrous alumino-silicate; a mixture
of Si0, and ALO; of variable composition ranging from 1 : 1 to
1 : 2, with » H,O. The alumina may be either in 6-coordination
or in 4-coordination. The water is adsorbed.

Structure. It was thought that allophane had no regular ar-
rangement of atoms in its structure, but soil allophane is now known
to have different degrees of order (Wada, 1967, p. 690).

Unit Cell. No definite lattice parameters.

Diffraction Pattern. Although largely amorphous to X-rays,
Wada (1967, p. 691) has shown that several broad X-ray reflections
may occur. The strongest reflections are in the vieinity of 13.0-
18 A, 7.6-7.8 A, 3.26 A.

Identification. Allophane is not identifiable by X-.ray diffrac-
tion alone and is therefore similar to amorphous clay, much of
which may actually be allophane. Infrared absorptions give absorp-
tion in the region 800-1300°™ -1, but varies with the development
of order in the structure produced by aging. D.T.A. curves show
a gradual loss of water up to about 300°C; some apparently more
ordered structures show the endothermic reaction between 400° C
and 525°C suggestive of loss of hydroxyl water. Fieldes and others
(1966, p. 623) suggest testing for allophane by reaction with NaF
to release hydroxyl groups.

Occurrence. Allophane is produced in the first stages of altera-
tion of ferromagnesian minerals in basic and ultrabasic rocks by
incongruent solution of the primary minerals, from weathering of
volcanic glass, by weathering of feldspar under conditions where
sericite does not form, by precipitation of hydrous alumino-silicates
under low temperature and pressure in fissures in ore veins, and
on continued grinding of muscovite and micaceous minerals. Allo-
phane is probably present in many situations where it has not been
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14 X-RAY IDENTIFICATION OF CLAY MINERALS

recorded because of difficulty in identification. Soil allophane has
been described in detail by Fieldes and others (1966).

Amorphous Clay

Amorphous clay should be identified as allophane, because a
sample containing amorphous clay gives the same type of X-ray
diffraction pattern as allophane. The X-ray diffractogram of a
sample containing amorphous clay (allophane) can be assessed by
the fact that the same volume of such clay as that containing well-
crystallized clay minerals gives a background radiation without, or
with only very weak spacings from which individual minerals
cannot be identified with certainty. The greater the dilution of
crystalline clay minerals with amorphous clay, the weaker the
spacings of minerals and the greater the background radiation.

MICA GROUP MINERALS

Minerals with a 2 : 1 layer structure can be arranged in a
logical sequence as follows:

Mica
Muscovite{dioctahedral)

Partial replacement of No interlayer K+ ions, but
K* ions with H,0 and H,O and metallic cations
metallic cations. are present.

Ilite Montmorillonite Group

Glauconite

Celadonite

Biotite (trioctahedral)

Vermiculite

The chemical relationships among members of the dioctahedral
micas are shown in Figure 3.

The characteristics of the micaceous clay minerals have been
summarized by MacEwan (1961, p. 145), who tabulated the main
features as given in Table 3.
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KINDS oF CLAY MINERALS 15

Celodonite K Mg Fe Siy 04 (OH)2
Al-Celadonite K Mg Al Si4 OIO (OH)2

1oR°

o0
[*]

&) o

o @ & ')7’3 © ro3
Muscovite K Al (Si, Al) O, (OH), TETRAHEDRAL R Pyrophylite Al, Si, O, (OH),
Fe-Muscovite K Fe2 (SiEs Al) Olo (OH)2 Fe-Pyrophyllite Fe2 $i4 0'0 (0H)2

Figure 3. Mineralogical relations of members of the dioctahedral
mica group (after Yoder and Eugster, 1955). Reprinted by courtesy of
Pergamon Press, Inc.

Muscovite

The most ubiquitous micaceous minerals in soils, sedimentary
rocks, and unconsolidated deposits of mineral matter are related
to muscovite. Mineralogically, micas are classified as muscovite, a
dioctahedral mineral of composition KAl,(AlSi;O.), or as biotite,
a trioctahedral mineral of composition K(Mg,Fe) ;0,,(OH) .. Musco-
vite is much less altered by weathering than biotite. Within the
muscovite group of minerals there is much isomorphous replace-
ment.

Chemical Composition. The members of the dioctahedral potas-
sium mica group vary between KAl Al(Si;Al)O,,(OH), and
KAl Mg (Si,)0:,(0H)..

Structure. Muscovite and the micaceous clay minerals consist
structurally of one layer of alumina octahedra sandwiched between
two layers of silica tetrahedra. This structure is generally referred
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16 X-RAY IDENTIFICATION OF CLAY MINERALS

TABLE 8. CHARACTERISTICS OF MICACEOUS CLAY MINERALS*

Main
Mineral type Charge per interlamellar Swelling behavior
unit-cell-layer cations
Brittle mica 4 Ca No swelling reported
Mica 2 K, Na May swell slightly with spe-
cial treatment
Vermiculite 1.3 Mg Many organic complexes

May swell indefinitely with
special treatment

Montmorillonite 0.7 Na, Ca, etc. Wide range of complexes

Swells indefinitely with some
monovalent cations

Pyrophyllite-talc 0 No swelling reported
*After MacEwan, 1961. (Reprinted by courtesy of The Mineralogical Society.)

to as a 2 : 1 layer lattice (Table 1). The tripartite layers are
bonded together by K* ions in 12 coordination with oxygens of the
gilica tetrahedra. The packing of the oxygen ions in the ideal
muscovite structure leads to offsets of upper and lower hexagonal
nets (at the base of the silica tetrahedra) in any of the three 120°
directions. Consequently, polymorphs or polytypes of muscovite are
formed. These have been designated as 1 M, 2 M, 2 M,, and 3 T,
for one-layer monoclinic muscovite, two kinds of two-layer mono-
clinic muscovite, and three-layer trigonal muscovite by Smith and
Yoder (1956). Details of the structural arrangements of the com-
mon polytypes are given by Yoder and Eugster (1955). Table 4
gives the principal d reflections of the polytypes of muscovite as
shown by X-ray powder photographs using CukK. radiation.

The muscovite polytypes produced by different structural
arrangements can be recognized by the (hkl) reflections shown
in diffractograms of unoriented mounts of clays. In particular,
the (112) reflection (22.375° 2 60) and the 112 (24.315° 2 0) are
useful for diagnosis, using CuK.. In metamorphism, the disordered
structure (1 Md) is gradually replaced by a more ordered structure
and hkl's begin to appear ; the intensity of the hkl reflections may be
used as a measure of the amount of change from disordered mica
to the 1 M polytype. With increasing temperature and pressure,
the 1 M structure changes to that of the 2 M structure. The trans-
formations are slow. Both the 1 Md and the 1 M muscovite polytypes
are metastable (Velde, 1965, p. 448).
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KinDs oF CLAY MINERALS 17

The muscovite polytypes commonly found in the clay-sized
fraction of sedimentary materials are given in Table 5.

Muscovite grains in natural situations are almost exclusively
the 2 M polytype because mica has a very slow rate of inversion;
that is, mica adjusts very slowly to the equilibrium conditions of
the chemical environment. Because of this, 2 M muscovite is detrital
in sediments. As weathering proceeds, the 2 M polytype will slowly
change its composition by the replacement of some K+ ions by H.O.
Apparently, this replacement is limited because even experimen-
tally the spacing of (002) cannot be increased much beyond 12 A.

In addition to the mica polytypes described above, detailed
single crystal determinations have shown that many others can
be recognized (Radslovich and Norrish, 1962; Ross and others,
1966). Such polytypes cannot be identified except by single crystal
X-ray studies.

Dioctahedral micas which have either 1 Md or 1 M polytypes
are either metastable muscovite forms or are micas with a compo-

TABLE 4. X-RAY d REFLECTIONS FROM 8° TO 35.2° 26 For 2M, 1M, AND 1 Md
SYNTHETIC MUSCOVITE POLYTYPES WITH CuKe RADIATION
(Compiled from data of Yoder and Eugster, 1955)

2M 1M 1Md
hkl A 1 hicl A I hicl A I*
002 10.014 <100 001  10.077 <100 001 10.077
004 5.021 55 002 5.036 37 002 5.036
110 4.478 55

111 4.458 65 020 4.488 90 020 4.488
021 4.391 14 11T 4.349 27 008 3.356
111 4.296 21 021 4.115 16 130 2.582
022 4.109 14 112 3.660 60 200 2.550
112 3.973 12 003 } 3.35 <100

_ 022

113 3.899 14 112 3.073 50

023 3.735 32 113 2.929 6

114 3.500 44 023 2.269 16

006 3.351 <100 130 2,582 50

024}

114 3.208 47

025 2.999 47

115 2.871 35

116 2.803 22

*Intensities not given by Yoder and Eugster (1955).
(See relation of illite and muscovite in Figure 4, p. 20.)
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18 X-RAY IDENTIFICATION OF CLAY MINERALS

TABLE 5. MUSCOVITE POLYTYPES PRESENT IN THE CLAY-SIZED
FRACTIONS OF SEDIMENTARY MATERIALS

(Compiled from data of Yoder and Eugster, 1955)

Polytype Structure Stability  X-ray identification Natural
environment

1 Md Disordered Low tempera- Basal d spacings Common in sedi-
1M tures, <200°C; only; (060) at ments, soils;
<15,000 psi. about 1.50A; (02) probably diagenetic
band at about 4.14, in marine sedi-
ments; forms
mixed-layer

minerals.
Illites
1M 0° stacking Low tempera- Basal d spacings Sediments; low-
angle of tures, 200- and hkl's for 117, grade metamorphie
layers 250°C; 021,112, 022 and rocks to chlorite
<15,000 psi. 024,112, 113,130 grade; secondary
131,200, ete., alteration zones;
{Table 4) low-temperature

pegmatites; in
mixed-layer struc-
tures with mont-
morillonites.

2 M Continuous High tempera- Basal d spacings Igneous and high-
alternation of tures, >200°- and numerous hkl grade metamorphic

120° and 350° at 15,000 reflections rocks, Detrital in
240°, or of psi (upper (Table 4.) sediments and
60° and 300° limit of stabil- soils.

stacking ity is 625°C at

angles this pressure).

gition differing from that of muscovite; for example, glauconite,
celadonite, and illite. Polytypes 1 Md and 1 M are common in
nature and form a large part of the minerals in sedimentary and
low-grade metamorphic rocks. The very abundant 1 Md and 1 M
dioctahedral muscovites in sediments are probably authigenie,
whereas the 2 M muscovites are detrital.

Unit Cell. ¢ = 58 A;b = 9.2 A or 9.3 A (muscovite and most
lithium-bearing micas have b near 9.0 A ; the Fe- and Mg-muscovites
have b 9.2 A t0 9.3 A); ¢ = about 20 A; 8 = 95°-100°.

Diffraction Pattern. An oriented mount of muscovite gives an
integral series 00! spacings of which the (001) for 2 M structures
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KinDs oF CLAY MINERALS 19

(the 002) is prominent at about 10 A. A reflection at about 5 A is
also readily observed, but a reflection at 8.3 A merges with that of
quartz. In an unoriented mount, kk reflections are numerous and
sharp in well-crystallized muscovites.

Identification. The mica structure is easily recognized by an
intense reflection at about 10 A and a small reflection at about 5 A,
Polytypes can be recognized in unoriented mounts from the infor-
mation in Tables 4 and 5.

Occurrence. The common micaceous mineral of soils and sedi-
mentary materials.

Illite

Illite is a field term that is used for the mica in soils, uncon-
solidated sediments, and sedimentary rocks. Hower and Mowatt
(1966) investigated the chemical composition and structure to-
gether with a number of other characteristics of type samples of
illites, K-bentonites, and mixed-layer mica-montmorillonites and
found that all the illites they examined were of the 1 Md polytype.

Chemical Composition. Similar to that of muscovite but con-
tains less K+ion and more SiO, and H.O than muscovite. The charge
due to the depletion of the K* ion is partially replaced by metallic
cations that may be exchangeable in part.

Structure. 1 Md muscovite; but as illites represent detrital
material as well as diagenetic, 2 M muscovite is found in some
illites. The described illites contain any or all muscovite polytypes,
and most illites are mixed-layer structures. Some samples of Fithian
illite consist of mixed-layer 1 Md + montmorillonite + 2 M musco-
vite (Yoder and Eugster, 1955, p. 249).

Diffraction Pattern. As illite generally is a 1 Md muscovite,
only the (001) d reflections are present (Table 3). The appearance
of the principal (001) reflections of muscovite and illite are shown
in Figure 4.

Identification. The diffraction pattern is similar to that of a
1 Md muscovite. Some expansion with glycol is to be expected if
the mineral is interlayered with montmorillonite.

Occurrence. The mica commonly found in soils and unconsoli-
dated sediments is mostly illite, except near a source of 2 M musco-
vite.

Glauconite

Chemical Composition. Similar to that of illite, but with
greater iron content. The Fe*® to Fe*? ratio increases with oxidation.
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Figure 4. X-ray diffractograms of the (001)
spacing of muscovite and illite (CuKq radiation,
103 cps., multiplier 1, ratemeter 4; chart speed
30”/hr.; scanning speed 1° 20 min., kv 50, Ma
20). (a) Muscovite, Upton County, Georgia (U.S.
National Museum no. 105013). (b) Illite, A.P.1.
H-35, Fithian, Illinois (calcite and quartz re-
moved).
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KiInNDS oF CLAY MINERALS 21

Structure. 1 Md and 1 M muscovite.

Unit Cell. Similar to that of 1 M muscovite.

Diffraction Pattern. Similar to that of illite. Newly formed
glauconite has 1 Md reflections; older glauconite in consolidated
sediments that have been subjected to pressure have 1 M reflections,
and the amount of change from 1 Md to 1 M is shown by the develop-
ment of hk reflections. The type glauconite was described from
sedimentary beds in the Paris Basin, France; it has a 1 Md diffrac-
tion pattern. A green color, indicating ferrous iron, suggests
reducing conditions under which glauconite has formed. Experi-
mentally, illite will not develop the green color of Fe'Z in a reducing
environment, but nontronite does so (Carroll, 1958, p. 10). Further
information concerning glauconite is obtainable from Warshaw
(1957), Burst (1958), Hower (1961), and Hendricks and Ross
(1941). ,

Occurrence. Glauconite forms authigenically in a marine en-
vironment with Eh 0 to —150 mv. and pH 7-8. The method of
authigenesis probably is: Montmorillonite (nontronite) in reducing
conditions — nontronite + K (Ca, Mg) — glauconite (Md) + pres-
sure and aging — glauconite (1 M) (Carroll, unpub. data).

Celadonite

Chemical Composition. KAIMg(Si,) O,,(OH),. Isomorphous
replacement in the octahedral layer causes a charge deficiency.

Structure. 1 M dioctahedral muscovite.

Unit Cell. Similar to 1 M muscovite.

Diffraction Pattern. As for 1 M muscovite.

Identification. By chemical analysis. Celadonite requires spe-
cial conditions for formation and is not detrital.

Occurrence. An alteration product of olivine in vesicular basalt.
Its magnesium content is derived from olivine, and aluminum is
not an essential constituent.

Biotite

Chemical Composition. Biotite is a trioctahedral mica whose
composition varies between Mg-rich (phlogopite) and Fe-rich
(siderophyllite and lepidomelane) end members. A general formula
for biotite is:

K(Mg,Fe). (AlSi,0,) (OH),.

Structure. Lamellar monoclinic plates with irregular outlines;

formed of one layer of alumina octahedra sandwiched between two
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22 X-RAY IDENTIFICATION OF CLAY MINERALS

layers of silica tetrahedra as in muscovite. The K* ion bonds the
layers together.

Unit Cell. ¢« =581 A;b = 9.28 R; ¢ = 20.36 A,

Diffraction Pattern. Very similar to that of muscovite, but
d spacings differ from those of muscovite because of unit cell
dimensions. d (060) is 1.52 A-53 A. (Brown, 1961, p. 239)

Identification. As biotite is trioctahedral d (060) is 1.52 A-
58 A compared with muscovite (dioctahedral, d (060) 1.50). The
intensity of the reflections of the basal spacings decreases with the
Fe-content, and are always less than those of muscovite because of
absorption by iron when CUKe« radiation is used.

Occurrence. Biotite is unstable in weathering and only occurs
near its source in igneous or metamorphic rocks. It may be common
in glacial sediments derived from biotitic rocks. Biotite is detrital
in voleanic ash.

Vermiculite

Chemical Composition. The general composition is Mg:Si,O04
(OH). x H,0, but isomorphous replacement is common in both the
octahedral and tetrahedral layers. Vermiculite is commonly inter-

.layered with biotite or with chlorite (Hendricks and Jefferson,

1938). Commercial vermiculite is interlayered umaltered biotite
with vermiculite; the structural formulas obtainable from the
chemical analyses of such mixtures do not indicate the composition
of vermiculite alone. One structural formula calculated for ver-
miculite from Libby, Montana, is:

(Al ;:Fe* o Fe,? 0sMgs10Mn o) (Si53.A16:) Os0 (OH)» (K 20Na2,Ca.z0)

Gruner’s (1934, p. 559) chemical analysis of vermiculite (U.S. Natl.
Museum, No0.95647) from Bare Hills, Maryland., gives the follow-
ing structural formula:

(Fe*? ;. Fer? o, Nigs Mgaq0) (SizrsAliz6)0:0(0H), (Mg.s5:Ca.o1)

Structure. 1°& 2: 1l-layer structure similar to mica but having,
in addition, water molecules occupying about 5 A as an interlayer.

Unit Cell. ¢ = 53 A; b = 9.20 A; ¢ = 28.91 A, The thickness
of the water layer varies slightly with the exchangeable cation
present (Barshad, 1948).

Diffraction Pattern. In an oriented mount the lowest angle
reflection is 14 + A, which is taken as (001), and is followed by an
integral series of basal spacings. Most vermiculite is trioctahedral
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KINDS OF CLAY MINERALS 23

with (060) d = 1.50-53, but dioctahedral vermiculite with d (060)
of 1.48-49 has been recorded in extremely fine fractions of weath-
ered muscovite (Rich and Obenshain, 1955).

Identification. Vermiculite will not expand much beyond 14 A
on glycolation. By heating to 500°C the interlayer water is expelled,
but vermiculite quickly rehydrates; on heating to 700°C, vermicu-
lite will collapse to 9.8 A for (001) and will not rehydrate. In KCI
solutions vermiculite reverts to a mica structure, has a low cation
exchange capacity, and will not expand.

Figure 5 shows the effect of dehydration of vermiculite and
uptake of the K* ion by vermiculite.

Occurrence. Vermiculite occurs principally as a hydrothermal
product of biotite or phlogopite alteration. It is generally inter-
layered with biotite. Vermiculite occurs in soils where it is common
as a mixed-layer mineral with chlorite and illite-type mica.

MONTMORILLONITE GROUP MINERALS

Clay minerals in which the component layers are not tightly
bonded by K* ions (mica) or Mg*? ions (vermiculite), but contain
water molecules in a similar situation, have been grouped together
as montmorillonites. These minerals, although having the same
structural features, differ somewhat in chemical composition. They
are all extremely fine-grained, do not form macroscopic crystals,
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Figure 5. Dehydration of vermiculite (schematic diagram modified
after Walker, 1961, p. 305). (A) fully hydrated; (B, C) stages in
dehydration; (D) fully dehydrated.
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24 X-RAY IDENTIFICATION OF CLAY MINERALS

and swell on the addition of water or organic liquids. Such minerals
have variously been called smectites (British usage), montmorillon-
oids, or montmorins. Isomorphous substitution results in charge
deficiencies which may occur either in the octahedral or tetrahedral
layer. The charge deficiency is neutralized by exchangeable cations

~ 143
i
I

T T T T T

DEGREES 20

Figure 6. Potassium uptake in vermiculite from
Libby, Montana. The commercial vermiculite was
completely converted to the Mg-form by warming for
about 48 hours in N MgCl, solution. (a) Mg-vermicu-
lite treated with 1N KCI solution; (b) Mg-vermiculite.
X-ray diffractograms of oriented mounts (CuKa
radiation, 103 cps., multiplier 1, ratemeter 4; scanning
speed 1° 26 min.,, chart speed 30”/hr.; kv 50, ma 20
(Dorothy Carroll, unpub.).
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KINDS OF CLAY MINERALS 25

so that the mineral becomes electrically neutral. A general scheme
for the chemical composition was given by Ross and Hendricks
(1945) as follows:

exchangeable ions

[Ions with octahedral coordination] [Ions with tetrahedral coordination]
0,,[0H],
A B
— alumina octahedron = gilica tetrahedron
The crystal structure is BAB, with charge deficiency generally in
A, but in some minerals (beidellite, nontronite, and saponite) the
charge deficiency is in B.

Because of the infinite variation of possible isomorphous re-
placements, and consequently in the amount of charge deficiency,
it is impracticable to define definite species, although a gradation
between charge deficiency on A and on B occurs. Only sauconite,
saponite, stevensite, hectorite, and nontronite are well-defined
species. Their structural chemical formulas, calculated from chemi-
cal analyses, follow.

Sauconite (Zn, , Mg s Al Fer ) (8i;Al) O (OH),
Saponite (Mg, o.Fe*® osFet2 o5) (8is.40Al40) 010 (OH).
Stevensite (Mg, ssFe 5.Mn o) (Sis) O, (OH).

Hectorite (Al,Li ;cMg2.6) (Sis) Oy (OH).

Nontronite (Fe*?, . Fe*? os Mg 10) (Si;.5.Al 46) Oy (OH),

Most montmorillonites are dioctahedral, but hectorite,
stevensite, sauconite, and saponite are trioctahedral. The commonly
occurring montmorillonites are dioctahedral and belong to the
montmorillonite-beidellite group, as defined by Ross and Hendricks
(1945). Such montmorillonites are the principal, and generally the
only, clay minerals in bentonites.

Montmorillonite

Chemical Composition. Hydrous aluminosilicate (see introduc-
tion to this section).

Structure. Similar to mica, but has interlayer water instead of
K+ ions between the layers; there is little bonding (Table 1) and
macroscopic crystals are not formed.

Unit Cell. a, b, and ¢ are variable within narrow limits; ¢ and
b vary with the composition of the octahedral layer, ¢ with humidity
and exchangeable cations. The method of describing micaceous
minerals according to the occupancy of cations is due to Stevens
(1946). In the montmorillonite group, both dioctahedral and
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26 X-RAY IDENTIFICATION OF CLAY MINERALS

trioctahedral minerals occur as listed above (p. 25). The following
semiempirical formula relating the b axis in dioctahedral and
trioctahedral layer silicates to the chemical composition has been
suggested (Brindley and MacEwan, 1953, p. 15-59) :

Dioctahedral montmorillonite, b(4) = 8.92 + 0.062 + 0.09y + 0.18r 4 0.27s
Trioctahedral montmorillonite, b(A) = 9.19 + 0.062 + 0.12p — 0.06qg 4 0.06s
where p, q, 7, s are the numbers of Al*3, Fe+3, Mg*? and Fe*: ions per
half-unit-cell layer in octahedral coordination, and 2 the number
of Al*® ions in tetrahedral coordination. The relation of @ to b is:
a:b=1:v/38 = 0577 (MacEwan, 1961, p. 168). The ¢ spacing

for most montmorilionites is in the vicinity of 15 A.

Diffraction Pattern. Characterized by a series of reflections
from the (001) plane in oriented mounts. In untreated montmoril-
lonites the sequence of reflections is irrational, but in glycol- or
glycerol-treated montmorillonites that give a uniform (001) spacing,
the reflections are rational. Uniform conditions of interlayer cation
(Ca is preferred), humidity, and glycolation are required to produce
an integral series of spacings from (001) that can be interpreted
with confidence in clays containing montmorillonite. Most mounts
of montmorillonites, if not definitely unoriented, will give only the
basal spacings, as shown in Figure 7.

An unoriented (random) mount may show weak hk reflections
as given by MacEwan (1961, p. 192) and reproduced in Table 6.

The hk reflections are most satisfactorily recorded in Guinier
powder photographs, but they can also be obtained by packing a
dry-powder sample into the sample hoider shown in Plate 1 and
making a diffractogram. As the hk reflections are weak, the (02)
reflection at about 4.5 A is generally the only one found in diffracto-
grams of unoriented mounts. _

Identification. By characteristic swelling on glycolation from
a d spacing of about 15 A to one of about 17-18 A. The interlayer
water is removed by heating at 300°C for at least an hour, and
the original 15 A reflection is replaced by one at 9-10 A. Characteris-
tic diffraction patterns of the (001) spacing are given in Figure 7.
It is usual to glycolate samples of clay minerals for the identifica-
tion of montmorillonite because of the expansion of the (001) reflec-
tion and the sharpness obtainable from the integral series of
reflections from the basal spacing. In an X-ray powder photograph
of montmorillonite, both basal and general reflections are seen. The
general reflections, ik, are characteristic of the mineral and the
00! basal reflections are characteristic of the condition, that is,
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Figure 7. X-ray diffractograms of the
(001) spacing of montmorillonite (oriented
mount) from Chambers, Arizona (A.P.I. H-23).
(a) room temperature and humidity; (b) gly-
colated; (c¢) heated 1 hr. at 300°C. CuKe
radiation, 10 cps., multiplier 1, ratemeter 4;
scanning speed 1° 24 min., chart speed 30”/hr.;
kv 50, ma 20 (Dorothy Carroll, unpub.).

interlayer water, cations in exchange positions, complexes with
organic liquids (glycol or glycerol). For further details, MacEwan

(1961) should be consulted.
Occurrence. Montmorillonite group minerals occur in altered

volcanic ash as in bentonite beds; they are common as an alteration
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Sample holder for X-ray diffraction of unoriented clay samples (patterned
after Bystrom-Asklund, 1966). Clay is packed normal to b direction of flakes.
Left, in position for packing sample; holder is held vertical in a styrofoam base.
Right, in position for inserting in goniometer of a Norelco diffraction unit
(left side of holder is set flush with shaft of goniometer). The aluminum sample
holder illustrated was made in the workshops of the U.S. Geological Survey in
Washington, D.C.

SAMPLE HOLDER FOR X-RAY DIFFRACTION OF CLAY SAMPLE

CARROLL, PLATE 1
Geological Society of America Special Paper 126
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KINDS oF CLAY MINERALS 31

product of weathering igneous and metamorphic rock minerals of
suitable composition in an alkaline environment with little leaching,
and are present in soils developed from suitable rocks in unleached
environments (for example, in arid climates). Montmorillonite has
formed authigenically from volcanic ash in the South Pacific Ocean
clays (Griffin and Goldberg, 1968, p. 735), but in other oceans
montmorillonite appears to have been distributed from weathered
land surfaces. Detrital montmorillonite changes diagenetically to
mixed-layer chlorite-vermiculite in the marine environment (Berry
and Johns, 1966, p. 192).

CHLORITE GROUP MINERALS

The minerals classified as chlorites are trioctahedral phylo-
silicates with a 2 : 1 layer structure similar to that of mica. The
general composition of the group is (Mg,Fe,Al)s (ALSi), 0., (OH),,
but isomorphous replacement is usual. They consistof 22 : 1 : 1
layer structure in which mica and brucitelike layers alternate. The
mica layer is negatively charged, but is neutralized by a positive
charge in the brucitelike layer which thus acts in a similar manner
to the K* ion in muscovite. The isomorphous replacements found
in analyzed specimens of chlorite have been described by Foster
(1962), who classified chlorites with respect to replacement of Si
by Al tetrahedral coordination, and on the Fe*2 : R*2 ratios. Chlorites
fall naturally into Fe-chlorites, intermediate, and Mg-chlorites. It
should be noted that Fe* is a necessary ion in many chlorites and
that it is not generally due to oxidation. Figure 8 gives Foster’s
(1962) grouping of the chlorites.

Another very useful classification of the chlorites is that given
by Hey (1954, p. 277-292). He uses the ratio R = Fe/(Fe + Mg)
for measuring the proportion of Fe*? ions in the structure.

In addition to variation in chemical composition, Brown and
Bailey (1962) have shown that structural chlorite polytypes occur.
Details of the possible structural arrangements of the brucite layer,
resulting in chlorite polytypes, are given by Brown and Bailey
(1962), and they have recognized that 80 percent of the chlorites
are the 11b polytype in which the structure is a monoclinic unit cell.
Most of the remaining chlorites are the 1b polytype based on an
orthohexagonal (or orthorhombic) unit cell. Two other polytypes,
la and 11a, based on a monoclinic and an orthohexagonal unit cell,
respectively, are of a limited occurrence in nature. The polytypes
are due to the composition of the layers rather than to the stacking
sequence of the layers. The formation of polytypes is due to equili-
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32 X-RAY IDENTIFICATION OF CLAY MINERALS

brium conditions as related to the energy available in the environ-
ment. The stable chlorite in normal-grade metamorphism and in
medium- and high-temperature conditions is nearly always the 11b
polytype. Diagenetic chlorites are the orthohexagonal 1b polytype
(like chamosite) or monoclinic 1b polytype. With time and energy
(for example, pressure), the 1b polytypes will recrystallize into 11b
polytypes. The conversion of the 1b polytype to the 11b polytype
is important in the low-grade metamorphism of iron ores as, for
example, the Biwabic iron formation of Minnesota and others
(Brown and Bailey, 1962, p. 845-848). The diagenetic chlorite found
in marine sediments is the 1b polytype; it is poorly crystalline and
probably is the variety of chlorite known as chamosite (Carroll, in
prep.; see Fig. 8).

The 1b chlorite polytype, apart from its poor crystallinity, is
difficult to distinguish from the 11b polytype, except in X.ray
photographs of single crystals and in unoriented mounts of chlorite-
bearing clays. Brown and Bailey (1962, p. 839) give the following
d spacings for 202, 202, 201, and 203 of the common polytypes of
chlorite.

d,
Polytype Cell hkl A I*
11b Monoclinic 202 2.59 5
11b Do. 201 2.54 8
1b Do. 202 2.61 1.5
1b Do. 201 2.55 0.5
1b Orthohexagonal 202 2.50 10.0
1b Do. 2038 2.33 1.0
*Measured in scale of 0-10.
Chlorite

Chemical Composition. (Mg, Fe,Al).(8i,Al).0,, (OH),, with
isomorphous replacements,

Structure. Chlorite consists of “tale” and “brucite” layers
that are stacked in various ways to form polytypes as described
above (Brown and Bailey, 1962, p. 819).

Unit Cell. The unit cell is slightly variable according to the
chlorite polytype. The common 11b polytype hasa = 5.83 A; b =
9.23 A;csin B8 = 14.2 A, with B8 = 97°. b varies with the number
of Fe*? ions in the octahedral layer, and ¢ with the number of Al*
ions replacing Si** in the tetrahedral layer (Brindley, 1961c, p.
268-270).
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Figure 8. Classification of chlorites based on the. two principal
types of ionic replacement (Foster, 1962, p. A19).

Diffraction Pattern. An oriented mount of chlorite shows an
integral series of (001) spacings from 14 A (Brindley, 196lc, p.
260-261). In an unoriented mount, many ikl spacings are observ-
able, but a photographic method may be necessary to identify the
polytypes.

Identification. After a chlorite diffractogram has been recog-
nized, the following features should be investigated:

(1) Most Mg- and low Fe-chlorites give a clear sequence of
the first four or five basal reflections measured from d (001) =
14 + A.

(2) Fe-rich chlorites give weak 1st and 8rd basal reflections
but strong 2nd and 4th order basal reflections. ’

(8) The d (001) at 14 + A will not expand on glycolation.

(4) With warm 1 N HCI treatment, well-crystallized chlorites
tend to dissolve slightly, the less ordered chlorites dissolve. Kaolinite
does not dissolve with this treatment.

(5) If chlorite is heated for 1 hour at 600°C, the kaolinite
structure is destroyed, and the mineral becomes amorphous to X-
rays. The chlorite structure is not destroyed, and the 14 A d reflec-
tion is intensified by heating up to 600°C, and the higher orders
disappear.
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34 X-RAY IDENTIFICATION OF CLAY MINERALS

Occurrence. The 11b polytype occurs in low-grade metamorphic
schists in pre-Tertiary consolidated sedimentary rocks and meta-
morphosed iron-bearing sediments. It is detrital in sedimentary
environments, and especially in sedimentary material derived from
the glaciation of metamorphosed rocks. The 1b polytype occurs
diagenetically in marine sediments and in unmetamorphosed iron
ores where it is authigenic. It is also authigenic in altered ferro-
magnesian minerals (Brown and Bailey, 1962, p. 845).

Chlorite Varieties

Swelling Chlorite. It has been observed that some chlorite-type
minerals exhibit properties intermediate between normal chlorite
and montmorillonite- and vermiculite-type minerals. Some such
minerals are interlayered mixtures. Long-spacing swelling minerals
of chlorite-type of various structural (and probably chemical)
compositions have been termed swelling chlorite. In general, min-
erals called swelling chlorite have a d spacing in the vicinity of
28 A which increases to 32 A on absorption of glycerol or glycol,
and collapses to about 13.8 A after heating at 450°C-500°C. How-
ever, these minerals are structurally complex and do not all behave
similarly with glycerol and heat treatment. The complexities of
the structure and nomenclature of swelling chlorites are described
by Brindley (1961c, p. 280). Swelling chlorites are, in some re-
spects, similar to mixed-layer minerals composed of chlorite, mont-
morillonite, and vermiculite.

Corrensite (named for Professor C. W. Correns of Gottingen)
is such a mineral from the Keuper Clay in Germany (Lippman,
1954). It has been noted under Vermiculite, p. 23, that chlorite is
generally associated with the alteration of biotite, and it is to be
expected in hydrothermally altered biotite.

Dioctahedral Chlorite. Although most chlorite is trioctahedral,
Rich and Obenshain (1955) identified dioctahedral chlorite in a
soil derived from muscovite schist in Virginia. Later, Brydon and
others (1961) observed a dioctahedral chlorite in a soil from British
Columbia and were able to obtain a sufficiently pure sample for
chemical analysis. The X-ray diffraction of this chlorite is similar
to that of cookeite, a high Al-chlorite (Brown and Bailey, 1962,
p- 839). The British Columbia dioctahedral chlorite has d (060)
1.496 A, thus differing from trioctahedral chlorites which have d
(060) 1.53 A-154 A. Brydon and others (1961), in discussing the
origin of dioctahedral chlorite, point out that “chloritic’’ minerals
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KinDps oF CLAY MINERALS 35

may form in the A horizon of acid soils of pH 4.5-5.5 or less.
Sedimentary dioctahedral chlorites (Eggleston and Bailey, 1967,
p. 687) are the 1a layer type (cookeite) which are high energy
structural forms that may crystallize metastably in a sedimentary
environment. Dioctahedral chlorite could be authigenic.

Chamosite

Chemical Composition. Iron silicate of somewhat variable com-
position containing nearly 40 percent FeO (James, 1966, p. WbH).
Chamosite is common in many sedimentary iron ores, and its rela-
tion to chlorite is shown in Figure 8.

Unit Cell. Two types of chamosite have been recognized; one
is a 2 : 1 : 1 chlorite that has long been called “chamosite.” The
other is a 1 : 1 type mineral which should be called “berthierine”
(Brindley and others, 1968, p. 324). Two types of kaolin-like chamo-
site have been described by Brindley (1961a, p. 105). One of these
is orthorhombic and the other is monoclinic. The cell dimensions
are: a, 5.39 A; b, 9833 A; ¢ = 7.04 A, with the monoclinic form
having 8 = 104.5°. The iron in fresh chamosite is Fe*, but on
oxidation the iron changes to the Fe** which causes a slight con-
traction of the unit cell. Brindley (1961b, p. 106) gives these
figures:

Ferrous form Ferric form
a 541 A 5.25 A
b 9.88 A 9.10 A
d (001) 711 A 7.06 A

Bailey (1963, p. 1198) considers that 1 M chamosite is a triocta-
hedral analogue of kaolinite.

The chlorite-type chamosite has ¢ = 5.3 A; b = 9.3 ;¢ =
14.3 A, with g = 97°.

Diffraction Pattern. Brindley (1961b, p. 104) discussed the
structure of chamosites, and Brindley and Youell (1953) described
ferrous and ferric chamosites. In nature there may be mixtures
of orthorhombic and monoclinic kaolin types and of ferrous and
ferric chamosite as well as chlorite-type chamosite. In a diffracto-
gram only the basal d reflections are usually shown, and the peaks
may be diffuse. In a powder photograph, a trio of medium intensity
lines at 2.40 A, 2.15 A, and 2.67 A are diagnostic, and a band at
4.5 A, corresponding to the (02) of disordered kaolinite, is common.
Chamosite is often associated with siderite, some of the d spacings
of which coincide with those of chamosite.
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36 X-RAY IDENTIFICATION OF CLAY MINERALS

Identification. Chamosite is an authigenic mineral, generally
a 1b chlorite polytype in which Fe** gives a green color which is
maintained in reducing conditions and the presence of decomposing
organic matter. On oxidation, the ferrous iron changes to the ferric
ion, and the diffraction pattern (and structure) resembles that of
a disordered kaolinite. Even when first formed, chamosite has a
rather poor crystalline structure and diffractograms give only a
7 X (001) d reflection. With pressure, as in the consolidation of a
sediment, and low-grade metamorphism, chamosite recrystallizes
to a thuringite or bavalite, in which state a 14 A d refleetion appears.
Chamosite is then an Fe-chlorite. In powder photographs with
FeK« radiation, authigenic chamosite from the Niger Delta de-
scribed by Porrenga (1965) and X-rayed by Schoen and Carroll
(unpub. data), has many 2k lines that are not visible on a diffracto-
gram. As chamosite has a 1b chlorite polytype structure, unless
ferrous iron is found in appreciable quantities by chemical analysis,
it would probably be identified as either disordered kaolinite or as
a 1b chlorite. The (060) spacing is 1.56 A for ferrous chamosite,
and 1.514 A for ferric chamosite (Brindley and Youell, 1953, p. 58).
The kaolin-type chamosite gives X-ray data and a heating pattern
like kaolinite; the chlorite-type chamosite gives X-ray data and a
heating pattern like chlorite. That is, the kaolin-type structure
collapses at about 550°C and appears amorphous, and the chlorite-
type structure has an intensified 14 A d reflection and does not
collapse. However, Fe-chlorites in general are not as heat resistant
as the Mg-chlorites. FeKa radiation should be used in chamosite
identification (for further details on structure and identification,
see Brindley, 1961b, p. 104).

Occurrence. Chamosite occurs in many geologically young iron
ores such as the Northampton Iron Sand (Taylor, 1949) and the
minette ores of Lorraine (Bubenicek, 1960). A summary of the
occurrence of chamosite is given by James (1966). Chamosite
occurs in marine sediments in which reducing conditions prevail,
and it is probably formed diagenetically in deep-sea clays where,
being unstable, it oxidizes and produces the well-known Red Muds.
The X-ray diffraction pattern of such material indicates a 1b
chlorite polytype rather than a kaolinite (Carroll, in prep.).

MIXED-LAYER CLAY MINERALS

Clay minerals that consist of interstratified layers of different
minerals are of very common occurrence in soils and sediments.
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Weaver (1956) reported that 70 percent of some 6000 sedimentary
rocks examined by him contained some variety of mixed-layer clay.
The fact that all clays except the Palygorskite-Sepiolite Group are
similar in structure, accounts for ease of aggregation of layers
of similar structure but slightly different chemical composition.
Mixed layering in clays is an adjustment to environment in two
ways: (1) degradation as in weathering rocks and soils; and (2)
diagenesis as in deposits of detrital materials. A further step in
diagenesis is in consolidation which leads to the production of more
stable crystals of minerals from original detrital clay minerals. This
type of very weak metamorphism leads, for example, to the forma-
tion of 2 M polytypes of mica from 1 Md illite, and to the re-
crystallization of glauconite into chloritelike minerals or into
well-crystallized micas. MacEwan (1949) has pointed out that
interstratification may be (1) regular; (2) random; or (3) a
segregation within one crystallite into zones of types (1) and (2).

Because of original weathering of igneous rocks in various
climates, the principal types of mixed-layer clay to be expected
in the different climatic zones are:

(1) in moist tropical regions: interstratification in the se-
quence montmorillonite-halloysite-kaolinite (Carroll and Hathaway,
1963, p. F32) ;

(2) in humid temperate zones: interstratification in the se-
quence montmorillonite-chlorite-mica or mica-mica-intermediates-
illite (Jackson and others, 1952).

The weathering of sedimentary rocks containing mixed-layer
minerals will result in detrital mixed-layer clays, which may
further change in the environment into which they are released
by weathering.

There is no simple process of change. Changes in the chemical
composition of the phyllosilicates result from the removal or addi-
tion of cations, either through the removal of K* ions bonding the
mica sheets together, or in the stabilization of the chemical compo-
sition with cations in exchange positions that are present in the
environment. The effects of anion exchange and adsorption have
not been fully assessed (Carvroll, 1959, p. 765-767). The final result
is toward simplification of clay minerals in a leaching environment,
and to preservation of the clay minerals in a neutral or nonleaching
environment. In a leaching environment, simplification toward a
kaolinitic type is caused by stripping of first, interlayer cations,
and second, by removal of divalent cations from the octahedral
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layers of clay minerals. In other words, an original 2 : 1 layer
structure is gradually replaced by a 1 : 1 layer silicate. The influ-
ence of natural environments was explained by Carroll (1962a,
Pl 1).

MacEwan and others (1961), explain mixed layering as a
special form of intergrowths. These are classified as:

(1) Hydrated layers in clay minerals—montmorillonites and
vermiculites—are hydrated varieties of mica. Mica-vermiculite and
mica-montmorillonite interstratifications are common.

(2) Gibbsitic (Al.OH,;) and brucitic (Mg,Al); (OH). sheets
may occur between layers, giving mica-chlorite interstratifications,
and with water-layers, vermiculite-chlorite, or montmorillonite-
chlorite as well as interstratifications of mica-montmorillonite-
chlorite. In addition, interstratification, not to be confused with
mixed layering, occurs artificially as in organic complexes with
montmorillonite (glycolation, for example), or by replacement of
exchangeable cations (as in the replacement of Mg*2 in vermiculite
with K*). Interstratification may result from the replacement of
existing exchangeable cations of clay minerals by change of chem-
ical environment as, for example, the deposition of clay minerals
from a fresh-water environment into a marine environment. Sea
water has a calculable quantity of cations and anions whose activity
enables them to react with clay minerals.

The possible types of mixed layering to be found in clay
minerals has been calculated by Cole and Hosking (1957) as shown
in Figure 9.

MacEwan and others (1961), have classified mixed layering
in clay minerals statistically as regular, random, and segregation
of one mineral in zones within another mineral. In regular mixed
layering the diffraction pattern follows a completely regular se-
quence of X-ray reflections which can be interpreted in a similar
way to that of the diffraction of a single mineral. Both Zen (1967)
and Reynolds (1967) have described the theoretical background for
the diffraction of a regular mixed-layer mineral as similar to that
of a one-dimensional crystal. An example of regular mixed layering
is rectorite (= allevardite, Brown and Weir, 1963), described by
Bradley (1950), in which an alternation of pyrophyllitelike and
montmorillonitelike layers give a basal spacing, d (001) of 25 A.
The basal spacings form an integral series from (001). Kodama
(1958) described a regularly interstratified pyrophyllite-mont-
morillonite with a basal spacing of 25 A which is similar to rectorite.
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Figure 9. Possible mixed-layering of clay minerals (after Cole and

Hosking, 1957, p. 249). Reprinted by courtesy of the Mineralogical So-
ciety, London,

Other clay minerals that are thus regularly interstratified are
corrensite (see under chlorite, p. 34), and a number of minerals
that have long spacings (Sudo, 1959), as well as some 1 : 1 mont-
morillonite-chlorite regular interstratifications (MacEwan and
others, 1961, p. 441-442).

In random mixed layering the diffraction spacings may be
calculated (MacEwan and others, 1961, p. 397-418), and the
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40 X-RAY IDENTIFICATION OF CLAY MINERALS

diffraction patterns can be identified from charts calculated for
different proportions of end members producing d spacings, assum-
ing that the interstratified minerals have the same structure factor,
that is, the same type of structure. Diffraction patterns from
randomly mixed-layer minerals do not give an integral series of d
spacings from d (001).

X-Ray Identification of Mixed-Layer Clays

(1) Regular interstratified clays are identified by an integral
sequence of 00! reflections representing the sum of the layer
thicknesses; for example, two layers of 14 A minerals will give a
28 A spacing for (001). It may be necessary to apply various
treatments to identify the components.

(2) Randomly interstratified clays are more difficult to inter-
pret. However, inspection of the diffraction chart may suggest
identification but it should be remembered that the sequence of
reflections from a mixed-layer clay is short. Random interstratifi-
cation of two or three different clays is very common. In a pre-
liminary analysis of a two-component system, no large errors result
if it is assumed that the diffraction peaks move linearly from the
position for one pure component toward the nearest position of the
other component as the proportion of the components alter. If the
distances from neighboring A and B positions are x and y, respec-
tively, the proportion of A is deduced to be y/(x+y) (MacEwan
and others, 1961, p. 432-433). Mixtures of three components have
been studied by Weaver (1956). Jonas and Brown (1959) used an
empirical method to estimate the first-order spacing from three-
component interstratified systems. Their determinative diagram is
reproduced as Figure 10.

In a diffraction pattern, mixed layering of mica is indicated
by a series of reflections on the low-angle side of the 10A d spacing.
The resultant spacing is broad and has several peaks making up
the “hump” or shoulder. If water is present it may be removed
with heat, and the structure will revert to that of a mica; if the
mica is interlayered with organic matter, the latter may be re-
moved. Saturation with K+ ions may reconstitute the mica structure.
Mixed layering of montmorillonite, vermiculite, and chlorite is
indicated by reflections on the high-angle side of the 14 A d spacing.
Glycolation and heating are generally required to identify the
components that form the shoulder or hump on the high-angle side
of the 14 A spacing.
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The recognition of regular or random interstratification of clay
minerals shown in a diffraction pattern is the first step in the
identification of the components present. After the identification
of these components by various treatments and the preparation
of diffraction patterns from the treated materials, the investigator
will generally be able to recognize the type of interstratification
given by certain components.

Mechanical mixtures of clay minerals can be readily identified
as the d spacings of prominent reflection planes; all appear in a
diffractogram, and each reflection plane can be identified as be-
longing to a particular mineral. The amounts of the components
in a mixture that can be recognized in a diffractogram are discussed
under “Quantitative estimates of clay minerals in mixtures.”

5.4

Figure 10. Three-componegt compgsition triangles for the four pos-
sible interlayer mixtures of 10 A, 124 g, and 154 :’% clays. The apparent
X-ray diffraction spacing, d, is contoured (after Jonas and Brown, 1959,
p. 84). Reprinted by courtesy of Dr. E. C. Jonas, the Journal of Sedi-
rrien'pa:'y Petrology, and Society of Economic Paleontologists and Miner-
alogists.
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42 X-RAY IDENTIFICATION OF CLAY MINERALS

PALYGORSKITE-SEPIOLITE GROUP MINERALS

The crystalline structure of the minerals in this group is
similar to that of the amphiboles; it consists of long double chains
of composition Si,O,, which are parallel to the length of the mineral
fibers. Between these double chains there are channels occupied
by water (Bradley, 1940). The channel water is removed stepwise
by heating, but all the water is not removed until about 850°C
is reached. As water is removed, the structure remains rigid until
350°C-400°C, when contraction occurs; the original structure is
completely destroyed at 850°C-1000°C (Calliere and Hénin, 1961a;
1961b, p. 337-338, 350). There is no expansion with organiec liquids.

Early descriptions of the Palygorskite-Sepiolite Group sug-
gested an isomorphous series between the Al end member (paly-
gorskite) and the Mg end member (sepiolite), but more detailed
investigations showed that this is not so, and that there are two
separate minerals with slightly different structure. In the paly-
gorskites there is isomorphous replacement of Al by Mg, but in
the sepiolites there is no such replacement (Millot, 1964, p. 36).

Palygorskite

Palygorskite, pilolite, lassalite, and attapulgite are synony-
mous ; the name palygorskite has precedence. Attapulgite, the clay
from Attapulgus, Georgia, is the name used for palygorskite in the
United States.

Chemical Composition. “The ideal formula for the half-unit
cell is Si;Mg:0., (OH). (OH,), 4H.O, where OH, denotes bound
water and H,O represents water held in channels.” (Calliére and
Hénin, 1961b, p. 346.) Isomorphous replacements occur with Fe
and Ca; the Ca present in many analyses is an exchangeable ion
(Bradley, 1940).

Unit Cell. ¢ = 129 A; b = 18.0 A; ¢ = 5.3 A (Calliére and
Hénin, 1961b, p. 346).

Diffraction Pattern. As the structure of palygorskite is similar
to that of sepiolite, the same general features are found in the
diffraction pattern. Reflections of sufficient intensity to appear
on diffractograms occur at 10.5, 4.5, 3.28, and 2.62 A.

Identification. Palygorskite is identified from its diffraction
pattern. Above 400°C the 10.5 A reflection is replaced by a broad
band, and near 800°C the structure is completely destroyed. As
palygorskite and sepiolite do not have identical crystal forms or
cell dimensions, the d spacings differ for the two minerals. For
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example, d (110) is 10.48 A for palygorskite and 12.07 A for
sepiolite; d (180) is 5.44 for palygorskite and 7.48 A for sepiolite;
d (200) is 6.45 A for palygorskite and 6.73 A for sepiolite (Calliére
and Hénin, 1961a, p. 340; 1961b, p. 352).

Occurrence. Palygorskite has been recorded as a hydrothermal
alteration product of pyroxenes and amphiboles but the largest
deposits are of authigenic origin, as in the interbedded marine to
fresh-water lagoonal deposits in the Hawthorn Formation (Miocene)
of Georgia and Florida (Kerr and others, 1950, p. 45). Palygorskite
is more abundant than sepiolite, and numerous occurrences of it
have been cited in the literature. Like sepiolite, palygorskite re-
quires an alkaline chemical environment for survival. It has been
identified in alkaline unleached soils from many localities.
Sepiolite

Sepiolite is known as the clay meerschaum, a lightweight white
or gray clay. Meerschaum = sea-froth (German) and sepiolite =
cuttlefish (Greek).

Chemical Composition. A hydrous magnesium gilicate the
structural scheme of which provides sites for 12 tetrahedral ions,
9 octahedral ions, 40 articulated oxygens and hydroxyls and about
6 molecules of low temperature water per half unit cell (Nagy and
Bradley, 1955, p. 888). The ideal formula can be rationalized to:

HMgsSi,,0: (OH),, - 6H.0

The formula calculated from analysis of sepiolite from Little Cot-
tonwood, Utah, by Calliére and Hénin (1961, p. 333) is:

(Si11.67A10.24Fe+30.09) (Fe+30.02Mn+20.53Mg‘+27.42) 032 Cu0.15

Other analyzed sepiolites give similar formulas.

Unit Cell. ¢ = 1350 &; b = 26.97 A; ¢ = 5.26 A (Calliére
and Hénin, 1961a, p. 335).

Diffraction Pattern. Sepiolite has a wide range of crystallinity.
A (diffractogram of well-crystallized sepiolite shows a number of
d reflections between 7° and 44° 20 (12.07 A to 2.07 A) (Calliére
and Hénin, 1961a, p. 336). Poorly crystalline sepiolite shows only
the strongest d reflections in a diffractogram; these are at about
12.6 A, 481 A, and 2.62 A. Calliegre and Hénin (1961a, p. 336)
illustrate the diffractograms given by well-crystallized and poorly
crystalline sepiolite.

Identification. By d spacings on a diffractogram and by char-
acteristic dehydration; loss of zeolitic water < 250°C, bound water
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250°C-620°C, and of hydroxyls 620°-1000°C (Calliere and Hénin,
1961a, p. 334). The structure is not modified by loss of water
< 300°C, but irreversible dehydration occurs at about 250°C. Above
350°C the structure is changed. The 12 X reflection becomes weak
and diffuse, a new d spacing appears at 9.8 A, and the intensity of
the spacing at 7.6 X increases. This structure is stable < 700°C,
but on further heating the mineral becomes amorphous to X-rays
(Calliére and Hénin, 1961a, p. 337-338).

Occurrence. Sepiolite has two principal modes of occurrence
in both of which stability is maintained only under alkaline con-
ditions. Sepiolite is decomposed by acid leaching, and therefore not
to be expected in situations in which the pH is less than 7. One type
of occurrence is in vein alteration of original biotite, as in the
sequence biotite — vermiculite - sepiolite. Sepiolite also occurs as
crack fillings in altered serpentine. The second type of occurrence
is in soils with underlying dolomitic marl, often of lacustrine origin.
Recently sepiolite has been recorded from the marine sediments of
the Mid-Atlantic Ridge by Hathaway and Sachs (1965) and by Sie-
ver and Kastner (1967). Sepiolite has formed there authigenically
as an alteration product of serpentine by marine weathering.
Millot (1964, p. 233-234) has summarized the authigenic occurrences
of sepiolite.
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X-Ray Diffraction as Applied to
Clay Mineralogy

It is presumed that the majority of readers are familiar with
the use of an X-ray unit. Details of the theory of X-ray diffraction
are given in Klug and Alexander (1962) and of the operation of
the various types of X-ray units in descriptive instructions supplied
by the manufacturers. The principles are the same for all units,
but there are slight differences in the details of operation.

X-ray diffraction using a wide-range goniometer results in
pulse generation by the sample being recorded on a chart. This
method is peculiarly suited to the examination of fine-grained
samples. In fact, fine grinding is desirable for the X-ray diffraction
of all samples except thin slabs of rock; clay should be separated
from other minerals by dispersion and sedimentation. A chemical
analysis gives only the amount of chemical elements that are
present; it does not give information about how these elements are
combined with one another. X.ray diffraction apparatus gives a
pattern of the principal crystallographic planes that cause the
diffraction of X-rays, and hence, by interpretation, gives the actual
minerals that are present in a mixture. As the mass absorption
coefficient (u*) does not differ greatly for the majority of the
minerals to be identified in clays, the orientation of the grains is of
considerable importance. However, a direct comparison of the
amounts of a mineral in a mixture as presented by peak intensities
or areas is not possible (see Quantitative Estimation of Clay Min-
erals in Mixtures, p. 63.)

The clay minerals as described above all have basically similar
layer-lattice structures except the Palygorskite-Sepiolite Group
(Table 1). Thus, all exhibit similar X-ray diffraction features,
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46 X-RAY IDENTIFICATION OF CLAY MINERALS

but as the unit cells and chemical character vary in different
minerals, the identification of the individual minerals requires
tests other than diffraction to be applied for their identification.
The X-ray diffraction patterns clay minerals give, in oriented
mounts, the basal spacings (00!) of the minerals; in unoriented
mounts the Akl spacings are given. The basal spacing gives periodi-
cities normal to the plane along c¢*; this dimension may vary with
humidity, dehydration, glycolation, cations in interlayer positions,
acid treatment, etc. Identification of clay minerals depends on the
experimental reaction of the individual mineral under controlled
conditions. The hk spacings are the a and b directions of the unit
cell in all minerals except those of the triclinic class. These spacings
do not vary appreciably with treatment.

Two important considerations in X-ray diffraction are the
correct alignment of the X-ray instrument and of the sample in
the path of the X-ray beam so that maximum diffraction is ob-
tained. The mass absorption coefficient (u*) varies with the
chemical composition of the sample and with the radiation used.
However, for the minerals commonly found in clays it ranges be-
tween 30 and 50 except for the Fe-chlorites. It is generally less
with CuKa than with FeKa. The mass absorption coefficients for
a number of common minerals are given in Table 7.

As the mass absorption coefficient of iron is greater with CuKe
than with FeK. radiation, the latter is preferred for minerals
known to contain a high percentage of iron (compare u* for Mg-
and Fe-chlorites in Table 7). With the curved crystal mono-
chrometers that are available and in use in some laboratories, the
optimum radiation for the identification of clay minerals in samples
that contain an appreciable amount of iron can be easily found.

One of the requirements for the efficient use of X-ray dif-
fractometry in identification of minerals is the correct thickness
of the mounted sample to give the maximum intensity for diffrac-
tion from crystal lattice planes (see p. 48). Another is the require-
ment of size of grains to be X-rayed. The grains should be
size-graded as they are in the preparation of a clay fraction. The
intensity of X-ray diffraction, obtained with different sizes of less
than 325-mesh quartz powders using CuKe radiation, is given in
Table 8.

It is apparent that the clay fraction < 2 microns gives the best
results for X-ray diffraction and that the arbitrary separation of
clay from silt and larger mineral grains is theoretically sound.
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TABLE 7. MASS ABSORPTION COEFFICIENTS FOR CUKy AND FEKy

RADIATION OF COMMON MINERALS*

Mass absorption coefficient

Mineral CuKqy FeKy
Quartz 35 67
Orthoclase 48 101
Albite 34 8
Anorthite (Ani.Abs) 52 98
Calcite vl 140
Dolomite 50 98
Siderite 162 47
Pyrite 200 117
Kaolinite 30 60
Metakaolin 32 64
Muscovite 44 85
Tlitea 55 73
Glauconiteb 117 75
K-bentonitec 52 74
Mixed-layerd 59 72
Biotitee 94 87
Chlorite (Mg)! 54 57
Chlorite (intermediate)s 104 61
Chlorite (Fe)r 133 62
Montmorillonitel 42 66
Gibbsite 24 48
Mullite 32 64
Iron oxide, Fe;0; 231 58
Magnetite 238 ' 60
Ilmenite 189 135

agverage chemical composition of 8 type samples (Hower and Mowatt, 1966).

baverage chemical composition of 40 glauconite samples (Hendricks and Ross,
1941). :

caverage chemical composition of 9 type samples (Hower and Mowatt, 1966).

daverage chemical composition of 4 type samples (Hower and Mowatt, 1966).

eaverage chemical composition of 137 biotites (Foster, 1960).

faverage chemical composition of 78 Mg-chlorites (Foster, 1962).

saverage chemical composition of 56 (Mg,Fe) chlorites (Foster, 1962).

hgverage chemical composition of 20 Fe-chlorites (Foster, 1962).

laverage chemical composition of 54 members of the montmorillonite-beidellite
group (Ross and Hendricks, 1945).

*Calculated by Dorothy Carroll.
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48 X-RAY IDENTIFICATION OF CLAY MINERALS

TABLE 8. INTENSITY OF X-RAY DIFFRACTION FROM FINE QUARTZ POWDERS

<5 microns 5-15 microns 5-50 microns 15-50 microns

Mean area® 11,293 11,268 9,227 8,513
Mean deviation 132 236 929 1,545
Mean percent deviation 1.2 2.1 10.1 18.2

*Measured under principal d spacing of lattice.
After Klug and Alexander, 1962, p. 292. (Reprinted by courtesy of John
Wiley & Sons, Inc.)

TECHNIQUES FOR X-RAY IDENTIFICATION
OF CLAY MINERALS

The crystalline structure of the clay minerals (described
above) is such that the most important diffractions from an X-ray
beam occur within the 2-37° 26 scanning distance. An oriented
mount will give the first five (00l) basal spacings of well-crystal-
lized chlorite or mica and the basal spacings of the other clay min-
erals, except the Palygorskite-Sepiolite Group which does not have
the phyllosilicate structure. Such a scan will give sufficient length of
diffractogram for a preliminary identification of any clay mineral
present and will also include prominent reflections of quartz,
cristobalite, feldspar, carbonates, as well as such minor constituents
as amphiboles, pyroxenes, and zeolites. An untreated oriented
mount can give little further information. If the goniometer scans
at 1° 20 per minute and the recording chart speed is 30 inches per
hour, then the preliminary identification will take a little over
half an hour. Many investigators sacrifice mineral information
for speed by scanning at 2° 26 per minute or even faster. The
speed of scan is decided by the requirements of the results to be
obtained from the sample.

Standards. The d spacings obtained on the initial diffractogram
are next compared with the d spacings of standard minerals as
recorded by the American Society for Testing Materials (A.S.T.M.)
on their sets of file cards. It is important to have a set of A.S.T.M.
file cards, together with an Index to the Powder Diffraction File
for every laboratory in which clays are identified by X-rays. In
addition, in the United States, samples of A.P.I. (Kerr and Hamil-
ton, 1949, American Petroleum Institute Project 49) standard clay
minerals should be available so that a set of standard diffracto-
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APPLIED X-RAY DIFFRACTION 49

grams of the various clay minerals can be made for comparative
purposes.

In a preliminary examination of a diffractogram of a clay
sample, the diffraction angles (26) are converted to d spacings in
Angstrom units by means of tables (Switzer and others, 1948; U.S.
National Bureau of Standards, 1950; Fang and Bloss, 1966). Com-
parison of these spacings with diffractograms of standard minerals
and the A.S.T.M. file cards should indicate whether the sample
consists of a single mineral or of a mixture of minerals. The
diffractogram of Figure 11 shows a clay that is composed of
several different minerals.

From a preliminary identification, certain tests are suggested
for the complete identification of the individual minerals in the
diffractogram. A commonly employed scheme of identification is
given in Table 9.

As shown in Table 9, the principal auxiliary treatments for
the identification of clay minerals are glycolation and heating.
Both treatments cause distinctive expansion or contraction of the
¢ lattice dimension that are measurable on diffractograms. With
prolonged heating at high temperatures, different for each group
of minerals, all three lattice parameters are affected ; the crystalline
structure of the mineral breaks down, and amorphous mineral
matter results. Continued high temperature may cause the mineral
substance to recrystallize into other minerals, but that is another
phase of mineralogy. It is not required in the identification of
clay minerals.

Identification of clay minerals often requires the application
of a number of auxiliary techniques, such as chemical, petrological,
and infrared absorption analysis, electron microscopy, differential
thermal analysis, and others (Brindley, 1961a), but a clay mineral-
ogist soon learns by experience which auxiliary treatment is
required for his samples. For example, if the samples appear to
contain much organic matter, this should be removed with hydrogen
peroxide prior to X-raying. Similarly, it may be necessary to
remove iron oxide coatings with sodium dithionite or other similar
means.

Inasmuch as many laboratories may be responsible for the
identification of clay minerals in large numbers of samples, routine
application of methods highlighting the main differences in clay
mineral groups are applied. Auxiliary techniques can then be
applied if necessary, provided the equipment and skilled personnel
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Figure 11. X-ray diffractogram of oriented mount of clay typical of
sediment 50 cm below sea-floor at lat 35° 00’ N., 165° 00’ W., northern
Pacific Ocean (laboratory working chart, Dorothy Carroll, unpub.). Ch,
chlorite; M, mica; Q, quartz; Cr, cristobalite; F, feldspar.
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TABLE 9. X-RAY IDENTIFICATION OF THE PRINCIPAL CLAY MINERALS (<2 MICRONS) IN AN ORIENTED MOUNT OF A SEPARATED
CLAY FRACTION FROM SEDIMENTARY MATERIAL*

Glycolation effect;

Heating effect,

Mineral Basal d spacings (00]) 1 hour, 60°C 1 hour
Kaolinite 7.154 (001) ; 8.75&4 (002) No change Becomes amorphous 550-600°C
Kaolinite, disordered 7.154 (001) broad; 3.754 broad No change Becomes amorphous at lower tem-
peratures than kaolinite
Halloysite, 4H,0 104 (001) broad No change Dehydrates to 2H,0 at 110°C
Halloysite, 2H,0 7.2& (001) broad No change Dehydrates at 125-150°C; becomes
amorphous 560-530°C
Mica, 2M 10A (002); 5A (004) generally re- No change (001) becomes more intense on heat-
ferred to as (001) and (002) ing but structure is maintained to
700°C
Illite, 1Md 10A (002), broad, other basal spacings No change (001) noticeably more intense on
present but small heating as water layers are removed;
at higher temperatures like mica
Montmorillonite Group 154 (001) and integral series of basal  (001) expands to 17A At 300°C (001) becomes 9A (Fig. 5)

Vermiculite

Chlorite, Mg-form

Chlorite, Fe-form

Mixed-layer minerals

Attapulgite
(palygorskite)

Sepiolite

Amorphous clay,
allophane

spacings

14A (001) and integral series of basal
spacings

14A (001) and integral series of basal
spacings

144 (001) less intense than in Mg-
form; integral series of basal spacings

Regular, one (001) and integral series
of basal spacings

Random, (001) is addition of indi-
vidual minerals and depends on
amount of those present

High intensity d reflections at 10.54,
454, 3.234, 2.624

High intensity reflections at 12.64,
4. 314, 2,614

No d reflections

with rational sequence of
higher orders

No change

No change

No change

No change unless an ex-
pandable component is
present

Expands if montmorillon-
ite is a constituent

No change

No change

No change

Dehydrates in steps (Fig. 4a)

(001) increases in intensity; <800°C
shows weight loss but no structural
change

(001) scarcely increases;
collapses below 800°C

structure

Various, see descriptions of individual
minerals

Depends on minerals present in inter-
layered mineral

Dehydrates stepwise (see description)

Do.

Dehydrates and loses weight

*Compiled by Dorothy Carroll.

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/964509/spe126-0001.pdf



APPLIED X-RAY DIFFRACTION 51

are available. The preliminary identifications can then be aug-
mented and refined. In such a way the routine techniques of
Table 9 can be augmented by the X-ray determination of the o
and b lattice parameters. Powder photographs can also be made
to obtain all the d spacings of a clay mineral. However, for the
identification of a large number of clay-bearing samples, the speed
at which diffractograms can be made (15 or 30 minutes) has made
the X-ray diffractometer the choice of most investigators. In a
well-operated laboratory with sufficient competent assistance, the
clay minerals in at least 20 samples can be identified in a working
day of 8 hours.

Routine Procedure for the X-ray Identification of Clay Minerals

(1) Make oriented mount on tile or Vycor glass slide using
slurry from the dispersion of original sample. Clay should be < 2
micron particle size.

(2) Allow clay to dry at room temperature.

(8) Place in desiccator at constant humidity when clay appears
dry (4-8 hours for original drying). Some localities are too dry,
others are too humid, and montmorillonites and halloysites react
to humidity.

(4) Make diffractogram (A) at predetermined best setting of
instrument and electronic panel to give a diffractogram that shows
the d spacings clearly (this will require some trial and error pro-
cedures with standard samples; goniometer should be carefully
checked for alignment). Do not remove chart from recorder.

(5) Identify and label d spacings shown on diffractogram.

(6) Place mounted sample in small desiccator containing about
14 pint ethylene glycol (Brunton, 1955). Run 6-12 samples to this
stage. When desiccator has room for no more mounted samples,
place in oven at 60°C for at least one hour (several hours may be
required for expansion to take place in some minerals). Remove
desiccator and set aside to cool; leave samples in desiccator until
required.

(7) Make a diffractogram of each glycolated sample (B) on
same chart with original sample (A), but with different colored
ink and with zero set above the (A) zero. It is convenient to make
diffractograms of about six samples (A), then wind chart back
and make (B) above (A).

(8) Inspect and label d spacings in (B), particularly any
spacing at about 14-17° 26.
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52 X-RAY IDENTIFICATION OF CLAY MINERALS

TABLE 10. TEMPERATURES REQUIRED IN THE IDENTIFICATION OF CLAY MINERALS

Temperature,
Mineral 1 hour Effect

Kaolinite, well-crystallized 575-625°C Replacement by amorphous meta-
kaolin; no diffraction pattern

Kaolinite, disordered 550-562°C Similar to kaolinite
(“fire-clay™)

Dickite 665-700°C Similar to kaolinite

Nacrite 625-680°C Similar to kaolinite

Halloysite ( 125-160°C Water removed

{ 560-605°C  Similar to kaolinite
Metahalloysite { 125-150°C Water removed
560-590°C Similar to kaolinite

Allophane 140-180°C Adsorbed water removed; amor-
phous at all temperatures

Mica, well-crystallized 700°C Shows gradual loss in weight, but
does not break down below 700°C;
(001) spacings remain in diffracto-
grams below 700°C and up to
1000°C

Illite, and clay micas 125-250°C  Loss of hydroscopic water

350-550°C Reverts to mica structure

700°C Similar to mica
Glauconite 530-650°C Loss of interlayer water; reverts
to mica structure
Celadonite 500-600°C Similar to glauconite
Biotite . 700°C Phlogopite is similar to muscovite
Biotite shows breakdown 700-
1000°C

(9) At this stage the preliminary identification of the principal
clay minerals present in the mount will have been made (see de-
scriptions of minerals).

(10) Heat in a muffle furnace at calibrated controlled tem-
perature to give the characteristic heat reaction of the various
minerals. The heat required for the identification of the common
clay minerals is given in Table 10.

After heating and cooling in a desiccator, make a diffractogram
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APPLIED X-RAY DIFFRACTION 53

TABLE 10. (Continued)

Temperature,
Mineral 1 hour Effect

Vermiculite <300°C Water removed in stages with 144
13.8A 11.6A 9A. Initial (001) spac-
ing controlled by humidity

Montmorillonite Group 300°C Original 15A spacing disappears;
9A spacing develops

Chlorite Group 600-800°C Show gradual weight loss, but no
structural change

Mg-chlorite 650°C 14A spacing is intensified; (004)
at 3.54 not affected

Fe-chlorite 500°C 14A spacing less intense and may
become broad and diffuse

Mixed-layer clays <600°C Varies with kinds of minerals
present and amount of each; check
with X-rays (Cole and Hosking,
1957)

Palygorskite-Sepiolite Water occurs in channels in strue-

Group ture
Sepiolite <200°C Rapid dehydration

>200°C Slow dehydration; spacing at 124
above 350°C becomes weak and
diffuse; a spacing at 9.8A appears
and spacing at 7.6A becomes more
intense; recrystallizes at 800°C

Palygorskite 400-440°C Rapid dehydration, but no change
in  structure <«400°C; >400°C
10.5A spacing becomes broad and
diffuse; near 800°C structure is
destroyed

Compiled by Dorothy Carroll

(C) above (A) and (B) on the same chart with a different color
and zero setting.

Blue (A), green (B), and red (C) inks on a recorder chart
make the results of the various treatments very easily comparable,
and it is advantageous to have all three results recorded on the
same chart. Interpretation of the diffractograms and filing of
results is thus simplified.
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54 X-RAY IDENTIFICATION OF CLAY MINERALS

As the X-ray identification of clay minerals is generally on
samples < 2 microns in grain diameter, the effect of crystallite size
on the diffraction of the d spacing need not be considered in the
majority of determinations; the size of the clay fraction particles
is a constant factor in the identification. However, one of the uses
to which diffractograms can be put is the determination of erystal-
lite size. If the crystallites are extremely small, a broadening of
the d spacings is found, as shown by Klug and Alexander (1962,
p. 530-538). Such line broadening may be hard to detect, because
the mineral may be disordered and thus have line broadening be-
cause of crystallinity rather than crystallite size. In some clay
fractions separated from sedimentary materials, a line broadening
in quartz indicates that the quartz grains are of extremely fine
sizes.

It has been shown by Keely (1966) that the surface area of
mineral grains of different sizes can be measured by an X-ray
line broadening effect. Keely’s investigation stems from earlier
investigations of the relation between crystallite size and approxi-
mate specific surface of metallic oxides in their use as catalysts
and coating agents. The line broadening was measured from the
principal d spacing of the material investigated as shown on a
diffractometer chart, and the mean particle size was determined
from the Scherrer equation:

0.9 X
(B —B.) cos 6
Where A = wave-length of X-ray,
B = breadth at half-maximum intensity of a peak of

the material,

breadth at half-maximum intensity of the com-
pletely crystalline material,

6 = Bragg angle (one-half the spectrometer angle).
Both D and A are in Angstrom units.

Bo

Il

It is assumed that all the particles are spherical, and it is necessary
to obtain the density and the volume of 1 gram of the material.
The number of particles is determined by:

volume of 1 gram
4/37 (14 X mean dimension)3

Number of particles =
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APPLIED X-RAY DIFFRACTION 55

The surface area is caleulated by multiplying the number of par-
ticles by the surface (4nr?) of each particle (r = radius).
However, clay minerals are prismatic, and in a preliminary
experiment to test the application of Keely’s method for the deter-
mination of surface areas of clay minerals, the equation was
modified to accommodate prismatic grains by substituting the
surface areas of prismatic grains using the unit cell dimensions for
the term 4/8w. Preliminary results by this method calculated from
X-ray data for the surface area and number of particles in 1 gram
of standard minerals are given in Table 11. The data have not
been checked with the standard B.E.T. nitrogen absorption method.

TABLE 11. SURFACE AREA AND NUMBER OF PARTICLES IN 1 G
OF SOME STANDARD MINERALS*

Particle size of Surface area Number of particles
Mineral prepared mineraly oflg, inlg
micron m2
Quartz <2 7.6 523 x 108
Feldspar <2 40.3 1.00 x 108
Mica (2M:) <2 11.4 1294 Xx 107
Kaolinite <2 6.7 27.8 X 108

*Calculated from line broadening of principal X-ray peak by Dorothy
Carroll (unpub. data).
tParticle size obtained by sedimentation.
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Preparation of Clays for

X-Ray Examination

Sizing. In the Introduction, clay-sized material was defined
for practical purposes as particles < 2 microns in diameter. Except
in deposits of clay, the clay fraction is associated with larger
mineral grains from which it must be separated prior to examina-
tion. In addition, the clay particles occur as aggregates both with
other clay minerals and with other minerals. Inasmuch as clay is
the agriculturally important ingredient of soils, agricultural chem-
ists evolved a general method of making a size analysis or mechani-
cal analysis of soils. This method can be applied in part to the
preparation of clays for X-ray examination. There are many dif-
ferent procedures based essentially on that of the agricultural
chemists. One such procedure used by the writer is given in the
flow-sheet on the following page.

There are many variations of this basic procedure, but the
aim of each is to obtain a dispersed sample of clay for X-ray
examination. Each person processing clay for X-ray examination
will eventually evolve his own technique according to the raw
material, the equipment available, and the assistance he has for
the preparation of samples.

Mounting of Sample. Two kinds of clay mineral mounts for
X-ray diffractometry are generally made: (1) An oriented mount
obtained most readily from a clay slurry obtained as part of the
process of making a size distribution of sedimentary material. A
similar oriented mount can be made from dry clay, but the mount
may be unsatisfactory because of the difficulty of deflocculating
clay that has been dried. Clay smears can also be made that are
satisfactory. (2) Unoriented mounts of dry clay in aluminum
holders.

57
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58 X-RAY IDENTIFICATION OF CLAY MINERALS

Raw sample
Unconsolidated
100*g

Disaggregate in water
L

(a) in ultraionic vibrator (b) in mechanical Ishaker to which
a peptizing agent (NH,OH,
NaOH, calgon, sodium hexa-
metaphosphate, or other) has
been added

Allow to stand in cylinder containing 1000 ml water
for sufficient time to sediment the sand fraction
(>62 microns) according to Stoke’s Law

Siphon off clay and silt fractions in suspension

Remove silt frorln clay by centrifugation

Allow silt to dry at Remove water from clay by filter
room temperature candle under vacuum until about
200 ml of slurry remains
Weigh and store
Remove about 10 ml with eye-
dropper and place evenly on glass
slide or semiporous tile to dry at
room temperature

Place a sample of slurry in a snap-
cap vial for reference and storage

Place remainder of clay slurry in
large evaporating dish to dry at
room temperature. When dry,
scrape up and store

*This flow sheet gives a general outline of procedure; 100 g is the maximum
amount that is needed for processing. The amount of raw sediment to be used
varies with mineralogical composition and with the requirements of the exami-
nation; several procedures may be used for the separated clay; for example,
cation exchange capacity, electron microscopy, chemical analysis, X-ray diffrac-
tion.

The geometry of the wide-angle goniometer used in diffracto-
metry requires that the sample to be X-rayed be perfectly flat and
parallel to its mount (curved samples give more precise X-ray
reflection, but they are not commonly used and present difficulties
in sample mounting; flat mounts give sufficiently accurate results
for the routine identification of clay minerals).
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PREPARATION FOR X-RAY EXAMINATIONS 59

The method of mounting the fine-grained mineral to be X-rayed
is of fundamental importance. Klug and Alexander (1962, p. 252)
state that if the maximum diffraction intensity is required, it is
necessary for the thickness of the sample, ¢, to be great enough to
satisfy the following equation:

t= E;_Z _’i sin 0
® P
where p = density of powdered mineral

p’ = density of powdered mineral + interstices
p = linear absorption coefficient of the mineral

Aqueous suspensions containing only a very small amount of dis-
persed clay may make too thin an oriented mount to cause X-ray
diffraction of the clay minerals (Klug and Alexander, 1962, p. 252).
If such a mount is made on a glass slide, only the X-radiation of
amorphous material is produced; generally, the optimum condi-
tions are easily produced. If the powder spread on the tile is too
thin, the principal d spacings are weak and diffuse, and the d
spacings of the tile material occur, depending on the composition
of the tile. If the mount is too thick, a high background is produced
in a diffractogram by X-ray scattering. It is advisable always to
make a diffractogram of a tile if one is used as a mount. The
thickness of the sample should be from 0.07-0.12 mm (Sudo and
others, 1961), and this is obtained if approximately 40 mg of sample
is spread over an area of 2.0 X 2.7 cm (540 mm?). The microscope
glass slides used for mounting in the United States are 4.5 X 2.6 em
(1170 mm?2), so that a comparative thickness is given by a 90 mg
sample.

Oriented Mounts. There are a number of advantages in using
a completely dispersed clay (as in a slurry that is produced in a
mechanical analysis; see the flow sheet given under Sizing, p. 57)
for making oriented mounts. Although the amount of clay in a
slurry can be measured, there may be physical and mineralogical
differences from sample to sample that make such a procedure
time-consuming and impracticable. Judgment based on experience
gives a sufficiently accurate amount of clay on the mount, and
furthermore, the actual thickness of the dried clay can be accurately
measured with a microscope as a check if necessary. There are
three types of mounts that are commonly used for oriented clay
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60 X-RAY IDENTIFICATION OF CLAY MINERALS

diffractometry: glass slides for evaporation mounts or smears
(heat resistant or Vycor glass is preferable), semiporous ceramic
tile, or porous ceramic tile. The kind of mount used depends on
availability (many tiles have to be cut to size), ease of manipulation
during preparation and use, experience of the preparator, amount
of clay in the slurry used (a clay fraction that contains much
colloidal organic matter gives a very meager mount for clay min-
erals and a glass slide is advisable to reduce the background and
eliminate spacings due to minerals in the tile), and kind of results
required by the investigator. Some of the procedures used in making
oriented clay mounts have been discussed by Gibbs (1965, p. 741-
751), but no firm recommendations can be made that will apply
to every clay that is examined by X-ray diffraction. The writer
prefers, after considerable experience, to make mounts on semi-
porous tile (Coors porcelain, type used for drying crystal pre-
cipitates, unglazed, 48 x 48 X 6 mm, cut in half, giving plates
48 X 24 x 6 mm, which fit easily into the holder of a Norelco
wide-range goniometer). The clay slurry dried easily at room
temperature by a combination of drainage through the tile (espe-
cially if set on a styrofoam pad) and evaporation. The writer
uses a batchwise procedure that processes six samples at a time.
Some investigators prefer porous tiles that are cut in thin slabs
and employ vacuum to remove water from the slurry, thus leaving
the clay sample on the tile which is then allowed to dry at room
temperature or heated at low temperatures. There are a number
of other procedures that can be used in the preparation of oriented
clay mounts; their use will depend on the type of material investi-
gated and on the experience of the investigator.

The preparation of standard minerals for X-ray diffraction
requires care. Some minerals, such as quartz and feldspar, can
be ground with a pestle and mortar to obtain grains of sufficient
fineness. Micas, chlorites, and vermiculites should be pulverized
in a small electrically powered device, such as that which was
designed for this purpose in the Mineralogical Museum of Oslo
University (Neumann, 1956). The grinding of micaceous minerals
is difficult and fine grinding results in the production of an amor-
phous or allophanelike material (Fieldes and others, 1966), because
the ordered crystalline structure of these minerals is destroyed.
Pulverizing, followed by sieving, produces mechanically split or
shredded particles that have the properties of larger grains, and
such grains do not show any of the effects of grinding.
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PREPARATION FOR X-RAY EXAMINATIONS 61

Unoriented Mounts. A sample of clay (< 2 microns) is packed
into an aluminum holder following McCreery’s procedure (Klug
and Alexander, 1962, p. 300-301); with good technique an un-
oriented mount is obtained. To increase random orientation of the
clay minerals, the sample should be sieved onto the holder and cut
down into the hole in the mount with a small spatula held with
the thin edge of the blade at right angles to the holder. When the
hole in the mount is filled, it should be pressed down lightly with
the wide blade of the spatula to obtain the necessary flat surface
which coincides with that of the surface of the aluminum holder.
A diffraction pattern of the sample thus mounted will show the
amount of random orientation by the intensity of the 2kl reflections.

A special holder for making mounts of layer-lattice minerals
to obtain the 2kl spacings with the older type of X-ray goniometers
was designed by Bystrom-Asklund (1966) of the Swedish Geological
Survey. The clay particles are packed into this holder with their
basal spacings (the natural way for platy particles to lie) parallel
to the base of the holder, which is then turned on its side when
mounted in a diffractometer. The hkl reflections are readily ob-
tained with type of mount which is especially useful for recording
the (060) spacing of clay minerals., This holder is shown in
Plate 1.
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Quantitative Estimation of Clay Minerals
in Mixtures

On superficial examination it might seem that direct com-
parison of intensities or peak areas of minerals identified on a
diffractogram of a mixture of minerals would give an estimate
of the quantities of the individual minerals present. However, this
cannot be done because of differences in mass absorption coeffi-
cients of the individual minerals (Table 7), of the orientation of
the grains, thickness of the mount, weight of the clay sample
X-rayed, evenness of the spread of the mixed minerals, differences
in crystal perfection, polytypism, hydration, chemical composition
and many other factors.

Under standardized conditions, using mixtures of minerals
that are equally well-crystallized, the quantity of each component
can be obtained by using an internal standard (generally fluorite)
and making calibration curves from which the weight of each
component present in the mixture can be found (Klug and Alexan-
der, 1962, p. 419-438). The method of internal standards is seldom
applicable to the mixtures of clay minerals that commonly occur
in soils and unconsolidated sediments because it is difficult, if not
impossible, to obtain standards that are of similar crystallinity,
or of similar chemical composition to the minerals occurring
naturally. So far, it has been seldom possible to separate individual
minerals in natural mixtures in order to characterize them for use
as standards. The qualitative identification of clay minerals de-
pends on comparison with standards such as the A.P.I. standard
clays described on page 48. These standards have also been used
for semiquantitative estimates of the components in mixtures.
Brindley (1961d) discussed the principles of quantitative estima-
tion of clay minerals in mixtures, and earlier work in this field
(with the exception of the Japanese investigations) was sum-
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64 X-RAY IDENTIFICATION OF CLAY MINERALS

marized by Carroll (1962b). In a recent review of clay mineralogy,
Mackenzie and Mitchell (1966, p. 62) conclude that “Most clay
mineralogical analyses must be regarded at best . . . as semi-
quantitative.”

Van der Marel (1966) published a method of making quanti-
tative estimates of clay minerals in soils and other natural materials
using X-ray, thermo- and infrared analyses. He pointed out the
difficulties inherent in the composition of clay minerals and in
mixtures, no part of which can be satisfactorily standardized
except quartz, caleite, and dolomite, which are diluents of clay.
Earlier, quantitative investigations in this field were those by
Willis and others (1948). This paper tabulated the composition
of 58 mixtures of standard minerals (based on the weathering
sequence of clay minerals) and compared the intensity of X-ray
reflections of clay fractions with those of the standards. No details
of the standards were given, but the paper indicates the complexity
of procedures necessary for quantitative analysis.

One of the most comprehensive quantitative investigations of
soil clays was made by Norrish and Taylor (1962), who used
samples of minerals < 5 microns, and either CuKea or CoKa radia-
tion. Their method depends on the intensity of diffraction and on
the mass absorption coefficient of the mineral to the radiation
used. Certain minerals in soil clays can be directly estimated
without the use of internal standards or calibration curves. It is
particularly useful for estimating the iron contents of samples.

Quantitative estimates of shale composition using X-ray dif-
fraction were described by Schultz (1964). He used finely ground
shale powder. From diffractograms and an evaluation of the results
of chemical analyses of the shale, together with heat treatments
and glycolation of the samples, he was able to make quantitative
estimates of the composition of the mineralogical composition from
X-ray diffractograms.

Some of the problems of making rapid clay mineralogical
analyses were described by Oinuma and Kobayashi (1961) and were
elaborated by Sudo and others (1961), who gave details of the
procedures involved in making such analyses. The methods de-
scribed have been used in a number of Japanese descriptions of
the mineralogy of sediments. The latter paper is particularly
valuable for the practical procedures which must be considered
in the successful quantitative estimation of the amounts of the
individual groups of clay minerals in a mixture. One very impor-
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QUANTITATIVE ESTIMATES IN MIXTURES 65

tant feature is the size of the clay sample to be used for X-ray
examination and the even spread of this sample over the area to
be irradiated. As Norrish and Taylor (1962) did, Sudo and others
(1961) used oriented mounts of the clay minerals, both known and
in mixtures. By experiment, Oinuma and Kobayashi (1961) found
that a sample weighing 40 mg, spread over an area of 2.0 X 2.7 cm
(540 mm?) on a glass slide, gave a thickness of 0.07-0.12 mm which
gave maximum intensity of diffraction of X-rays.

A method for the quantitative estimation of clay- and silt-
sized minerals in mixtures was recently investigated by Carroll
(unpub. data), who used weight-percent mixtures of standard
minerals and took into consideration the mass absorption coefficient
and the efficiency of the Geiger counter on the X-ray unit used.
The results indicate that this method will be useful for quantitative
estimates within the tolerance of the method and equipment. By
comparison of the peak areas of the principal spacing of certain
minerals, an estimate can be made of the quantity of each present.
For example, kaolinite and disordered kaolinite; 2 M mica and
illite, 1 Md. Measurement of the areas of the principal (001) spaec-
ings on diffractograms of minerals with a polar planimeter affords
a useful method of comparing quantities of a mineral in a mixture,
provided that the mass absorption and the crystallinity are similar.
Figure 12 shows the results of comparing the measured areas of
the (001) spacing of kaolinite with the (001) spacing of mont-
morillonite.

Previously, Hathaway and Carroll (1954), following the in-
vestigations of Talvenheimo and White (1952) had shown that
the peak area ratio of the (001) spacing of montmorillonite to the
(001) spacing of kaolinite was about 5 : 1 in mixtures of the two
minerals. Figure 12 also shows this areal relation.

In quantitative estimates of clay mineral components, the
writer adheres to the same techniques in the preparation of the
samples, the mounting, and the method of obtaining X-ray diffrac-
tograms. A set of diffractograms of standard minerals mixed in
weight-percent amounts traced on plastic sheets are used as
templates for comparing X-ray spacings of minerals in mixtures
with standards.

Quantitative estimates of the amounts of the clay minerals
have been stated by various investigators to be probably accurate
to about 5-10 percent. This is certainly true for quartz, feldspar,
calcite, dolomite, 2 M mica, ferric oxide, and halite. Table 12 shows
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66 X-RAY IDENTIFICATION OF CLAY MINERALS

1'% Kaobnite 5% Kaohnite 0% Kaolinite

99% Montmorillonite 95% Montmonillonite 90% Montmarillonite

20% Kaolinte 25% Kaohaite 50% Kaolinite

80% Montmerillonite 75 % Montmorillonite 50% Montmorilionite

KAQLINITE

MONTMORILLONITE

Figure 12. Illustration of the areal percentagze relation of kaolinite
(001) and montmorillonite (001) (Dorothy Carroll, unpub.).

the lowest percentage of clay minerals and others commonly
encountered that have been reported in the literature.

Earlier investigators estimated the relative proportions of
clay minerals identified in X-ray diffractograms of the clay frac-
tion of sedimentary materials (including soils). Such an estima-
tion, which makes use of the mass-absorption coefficient of standard
minerals and indirectly of their crystallinity in evaluating the area
of the principal X-ray diffraction (spacing) of the minerals,
would seem to be precise enough for the methods generally used
to obtain the samples in the field. Statistical sampling, not often
applicable, would add refinement to the method, as would knowledge
of the approximate percentage of one clay mineral in a mixture.
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TABLE 12. QUANTITATIVE IDENTIFICATION BY X-RAY DIFFRACTION OF CLAY MINERALS
AND CERTAIN OTHERS IN THE CLAY FRACTION (<2 MICRONS) OF SEDIMENTARY
MATERALS (Cu Ka; kv 50, ma 20, 1° SCATTER SLIT, 006” RECEIVING SLIT, CPS. 10,
MULTIPLIER 1, RATEMETER 4 ; ORIENTED MOUNT ON TILE) 1° 26 PER MINUTE;
CHART SPEED 30” PER HOUR

Principal d

Lowest spacing used for 20°,
percentage hil identification, (approx.)
Mineral identifiable A
Kaolinite 5 001 7.18-7.16 12.36-12.4
Kaolinite, disordered 1-5 001 715 12.38
(broad)
Halloysite, 4H.0 10 001 10.1 8.75
Halloysite, 2H,0 10 001 7.21 12.26
Mica, 2M, 1 002 9.99-10.4 8.85-8.80
Illite» 5 001 10.16 8.70
(broad)

Glauconite® ? 001 10.06-10.19 8.79-8.67
Chamositec, Fe*? ? 001 710 12.46
Chamosite, Fe*? ? 001 7.04 12.56
Biotite 1 002 10.1 8.77
Vermiculite? 5 001 14.2 6.22
Montmorillonite Group® 10 001 15.4 (variable) 5.7
Chlorite, Mg 1 001 14.1-14.2 6.27-6.22
Chlorite, Fe 10 001 14.1-14.2 6.27-6.22
Mixed-layer clays®
Palygorskite 5 110 10.2-10.48 8.66-8.46
Sepiolite % 110 12.05-18.3 7.33-7.18
Quartz 1 101 3.34 26.66
Quartz 5 100 4.26 30.85
Cristobalite, « 5 101 4.04 22.0
Feldspar, orthoclase 5 040,202 3.25-3.28 27.4-27.16
Feldspar, plagioclase 5 002,040 3.17-3.18 28.14-28.0
Calcite 5 104 3.03 29.47
Dolomite 1 104 2.88-2.89 30.05
Ferric oxides <1
Halite" 5 200 2.83-2.84 31.72-31.61

*mixed-layer 1b mica polytype.

bvaries from mixed-layer type (authigenic) to recrystallized mica-type (con-
solidated sediments).

“poorly crystalline and may be oxidized to disordered kaolin-like mineral; not
identifiable by X-ray diffraction alone.

‘may be interstratified with biotite; heating and glycolation (negative) neces-
sary for identification.

¢(001) spacing dependent on hydration and exchangeable cation present.

'd spacings variable due to nature of minerals interstratified.

#finely crystalline or amorphous coatings on mineral particles.

'dry clay not dispersed in water.

Compiled by Dorothy Carroll
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68 X-RAY IDENTIFICATION OF CLAY MINERALS

Other useful X-ray techniques for the quantitative estimation
of minerals that can be applied to clay mineral samples are the
ratio of calcite to dolomite in mixtures (Gulbrandsen, 1960a, p. 93;
1960b), and the modal analysis of felsic rocks (Tatlock, 1966).
Refinement of X-ray interpretative techniques in a method of
chlorite identification by Brown (1955), led Schoen (1962) to
investigate the possibilities of a semiquantitative analysis of
chlorites by X-ray diffraction. In this method, the Mg-chlorites
can be separated from the Fe-chlorites. Shirozu (1958) discussed
X-ray and optical methods for the determination of the composition
of well-crystallized chlorite using FeKe radiation. Previously,
Brindley and Gillery (1956) discussed variation in d (001) with
replacement of Si by Al in the tetrahedral layer of chlorites.
Brindley (1961c) summarized many of the recent investigations
of chlorite composition by X-ray diffraction. While it is possible
to determine the chemical composition of well-crystallized chlorite
quantitatively, most of the chlorite in soils and sediments is poorly
crystalline and gives very poor diffractograms. So far, no method
has been found either to determine its chemical composition or
quantity, although rigorous examination along the above-mentioned
lines will probably enable this to be done. Because of the more
definite characteristic properties, these difficulties do not occur
with other minerals, with the exception of montmorillonites. The
recognition of polytypes in micas has eliminated some of the diffi-
culties in the quantitative estimation of illite and detrital muscovite.
At present, the two principal chlorite polytypes, 11b and 1b, are
recognizable by X-ray diffraction and it is possible to estimate
the approximate of each in a mixture. By application of Schoen’s
(1962) methods of chlorite determination, a semiquantitative
analysis of the chlorite composition of a clay can be made (Carroll,
1969).
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oceurrence of, 8, 9

Kaolinite Group Minerals, 7

Laboratory procedures, flow sheet of,
58

Magnetite, mass absorption coefficient
of, 47

Mass absorption coefficients of com-
mon minerals, 45, 47

Meerschaum, 43
Metakaolin, 8, 52
mass absorption coefficient of, 47
Mica Group Minerals, classification of,
14
description of, 15,16
Mica-chlorite interstratifications, 38
Mixed-layer clay minerals, 36-39
mass absorption of, 47
X-ray identification of, 40, 41
Mixed-layer types, 39, 41
Montmorillonite, 25-31
occurrence, 29, 31
Montmorillonite Group Minerals, 23,
29
mass absorption coefficient of, 47
Mounting of clay sample for X-ray
diffractometry, 59, 60
oriented mount, 59, 60
unoriented mount, 61
Mullite, mass absorption coefficient
of, 47
Muscovite, 15, 20
polytypes, 16-18
mass absorption coefficient of, 47
Nacrite, 11
Palygorskite, identification of, 42
occurrence of, 43
Palygorskite-Sepiolite Group Minerals,
41

Percentage of clay minerals identifi-
able by X-ray in mixtures, 67, 68
Preparation of clay for X-ray exam-
ination, 57, 58
Phyllosilicates, 3, 4
Pyrite, mass absorption coefficient of,
47
Quantitative estimation of clay min-
erals in mixtures, 63-67
Quartz, in clay-sized material, 5
X-ray diffraction of sized powders,
48
Rectorite, 38
Routine procedure for identification of
clay minerals, 51
Sample mounting, 57-59
oriented mounts, 59, 60
unoriented mounts, 60, 61
Scherrer equation, 54, 55
Sepiolite, identification, 43, 44
occurrence, 44
Siderite, in clay-sized material, 5
mass absorption coefficient, 47
Sizing, 57
Smectite, 4
Standard clay minerals, A.P.1., 48, 63
Surface area measurements of parti-
cles, 54, 55
Talc layer, 32
Techniques for the identification of
clay minerals, 48
Temperatures required in X-ray iden-
tification of clay minerals, 52, 53
Tile for clay mounts, 60
Vermiculite, 22-24
interstratification of, 23
occurrence, 23
X-ray diffraction applied to clay min-
eralogy, 45, 46
charts, 51
diffraction techniques, 51-53
Zeolites, 5

Downloaded from https://pubs.geoscienceworld.org/books/chapter-pdf/964509/spe126-0001.pdf

bv auest



