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CLAY MINERALS
By
G. BrowN & R. GREENE-KELLY

INTRODUCTION

Fundamental studies on the mineralogy of the clay fraction in
soils were initiated in the Chemistry Department at Rothamsted
shortly before the war. With the outbreak of war the work largely
ceased, and it was not resumed until A. Muir came in 1945 from the
Macaulay Institute for Soil Research to start the Pedology Depart-
ment. The work carried on since the war falls naturally into two
parts, which will be considered separately. The first is the study of
mineralogy of clays * and the second the study of their properties.

MINERALOGY OF CLAYS
Introduction

To define a mineral we must know its composition and either its
structure or some properties which are related to its structure. The
vast body of mineralogy was built up before methods of determining
structure existed, and such properties as refractive indices, bire-
fringence, shape of crystals and hardness were used to define struc-
tural types. With minerals which form visible crystals there is no
difficulty in finding their composition, for almost pure samples can
be separated. With the clay minerals, which for the most part exist
as crystals less than 1 u in diameter, isolation of pure materials is
not easy, and the structural properties which can be obtained with
light microscopes were often determined on impure materials.

With the advent of X-ray diffraction a direct method of deter-
mining atomic arrangement in crystals, that is their structure,
became available, and has been applied with success to a large num-
ber of mineral structures. The information obtained from X-ray-
diffraction spectra is of two kinds; the geometrical distribution of
reflections is a measure of the geometry of atomic planes in the
crystal, in particular their interplanar spacings and interplanar
angles; the intensities of the reflections are related to the arrange-
ment of atoms in the planes. With a single-crystal specimen,
spacings, angles and intensities can be measured. With fine-grained
materials such as clays we cannot obtain single crystals large enough
to handle, and powder specimens, which are really aggregates of
more or less randomly oriented small crystals, must be used. From
patterns obtained with powders we can, in theory, obtain interplanar
spacings and intensities of reflections; but we can derive little
information from them about interplanar angles, and hence com-
plete structure determinations are not possible except with the
simplest structures. With complex structures the reflections from
different sets of planes overlap, so that the information obtainable

* For a recent review of this subject see G. W. Brindley (1951). X-ray
identification and crystal structures of clay minerals. (London: Mineralogical
Society.)
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from powder patterns is limited. However, structure determina-
tions on minerals such as micas which are similar to the clay minerals,
but which form larger crystals, led to a realization of the principles
which appear to govern the structures of such materials. Informa-
tion on the co-ordination of cations and what kind of isomorphous
substitutions could occur became available, and by comparing X-ray
powder patterns of well-crystallized layer silicates with those of
clays, the broad outlines of the structures of the different groups of
clay minerals have been obtained.

Knowledge of the structures of clay minerals gives a method of
determining the purity of a clay mineral sample by comparing the
observed X-ray-diffraction pattern with that expected from a par-
ticular structure. In this way, from information on the chemical
composition and X-ray patterns of apparently mono-mineralic clays,
a body of knowledge has been built up which enables the different
clay mineral groups which are present in a mixture to be recognized.

The majority of clay minerals have layer structures consisting
of parallel layers containing Si, Al, O and OH and sometimes Mg, Fe
and other elements. The layers consist of parallel sheets of atoms
which are firmly bound together so that the layers are fairly stable;
between layers the forces are usually weaker. Thus sheets of atoms
are bound together to form layers, and layers are superposed to form
crystals. The classification of the clay minerals is largely based on
structural considerations, for the compositional range within groups
is of the same order as between groups.

In the structural field there are essentially two main types of
layer which form clay mineral crystals. First, there is the type of
layer found in minerals of the kaolin group, which is often called a
1:1 layer, as it is made up by the condensation of one sheet of
tetrahedrally co-ordinated cations with one sheet of octahedrally
co-ordinated cations. The thickness or height of a single 1 : 1 layer
is about 7-2 A.  The other type of layer, which is the basic layer of
micas, chlorites, vermiculites and the montmorillonite minerals, is
the 2 :1 type, for it is made up by the condensation of two tetra-
hedrally co-ordinated sheets of cations, one on either side of an
octahedrally co-ordinated sheet. The thickness of a single 2:1
layer is about 9-3 A. In a broad way we cay say that 1:1 type
layers are electrically neutral in themselves. The 2 : 1 layers often
carry a negative charge due to isomorphous substitutions, and these
negative charges are balanced by positively charged atoms or groups
of atoms which are intercalated between successive 2:1 layers.
This leads to the range of minerals made up of 2 : 1 layers, for both
the size of the negative charge per unit volume of layer and also the
nature of the balancing positive group can change. Thus the layer
height for the minerals composed of 2 : 1 layers depends on the size
of the positively charged interlayer group. In the micas K* ions
balance the charge on the 2 :1 layers and the thickness of a mica
layer is about 10 A., in the vermiculites moderately hydrated cations
are found between the 2 :1 layers and the height of a vermiculite
layer is about 14 A_, and in the montmorillonite minerals the balanc-
ing cations are even more highly hydrated and the layer height
depends on the precise nature of the cation and the humidity. It is
chiefly on the basis of these different layer thicknesses that the clay
minerals in mixtures are recognized by X-ray methods; the X-ray-
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diffraction pattern, since it measures the distance between similar
planes of atoms, gives a direct measure of the height of the layers.

Soil clays

The work of this department in connection with soil clays can
be divided into three parts. First and most important, for all else
depends on it, has been the improvement of methods of obtaining
X-ray-diffraction patterns, then development of methods of inter-
preting some of the complex diffraction patterns obtained and
finally investigation of the best ways of applying these methods to
the study of soil genesis.

The chief method used to identify soil clays is by X-ray-diffrac-
tion patterns, and until recently it was frequently suggested that
amorphous material, including organic matter, in soil clays inter-
fered with the diffraction patterns. Various chemical methods have
been used to remove the amorphous inorganic material by solution,
and organic matter by oxidation and solution. In some cases it
appears that the composition of the crystalline clay fraction is
altered by these treatments. In the work in this department on
soil clays from many different parts of the world, we have found that
the cleaning of clays is not necessary in order to obtain good, clear
diffraction patterns. The reflections may not always be sharp;
but in such cases the broad reflections are due to the nature of the
material, which is often imperfectly crystallized. It appears that
the use of cleaning techniques arose out of poor X-ray technique
and that if proper attention is given to features such as clean radia-
tion and good collimation, diffraction patterns with clear reflections
will generally be obtained. This must not be taken as a suggestion
that ““ amorphous ’ matter does not exist in soils or even that it is
rare ; but when it is present it is better to examine the specimen be-
fore treatments are applied to remove the poorly crystallized fraction.
It would seem desirable to disperse soil clays using the mildest
possible reagent, and then the results apply more directly to clays
as they exist in the field. Having examined the clay as it is in the
soil, we can apply cleaning treatments and relate their effects to
what was present in the untreated clays.

Examination of soil clays from England, using mild dispersion
treatments, has shown the presence of the hydrated iron oxide,
lepidocrocite, in many soils which show the orange mottling char-
acteristic of impeded drainage. Had the clays been treated to
remove amorphous matter, the form of the iron oxide would have
been left unknown, and it is suspected that failure to detect lepido-
crocite earlier and more frequently is due to treatments to ** purify
the clay minerals.

In connection with the interpretation of X-ray-diffraction pat-
terns of clays, work has been done on interstratified clay minerals.
It was pointed out in the introduction that slight variations in the
interlayer grouping have different layer heights characteristic of
different minerals. Usually, individual crystallites are composed
of only one type of layer of a characteristic thickness, and a sample
may be composed of a mechanical mixture of two kinds of crystal-
lites, one with say 10 A. layers, i.e., mica, and another with 14 A,
layers, i.e., vermiculite. However, in some cases within a single
crystallite both 10 A. and 14 A. layers occur. These layers may be
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arranged in a regular way with respect to each other, or they may be
randomly distributed within the crystallite, and the interpretation
of the diffraction effects from randomly interstratified systems has
formed part of our work. The first step was to apply the formulae
developed by Hendricks and Teller to the calculation of the patterns
which would be given by a number of two-component systems which
were likely to occur in soil clays. This involves several rather
tedious calculations for each system, since different patterns are
given by different proportions of the two components. X-ray
patterns of randomly interstratified minerals are then interpreted
on the basis of the best fit between the observed and calculated
patterns. A detailed study has been made of an artificially prepared
randomly interstratified two-component system in which some con-
trol over the proportions of each component could be exercised.
The good agreement obtained between calculated and observed pat-
terns of a range of proportions showed that the theoretical treatment
was essentially correct. All the above required laborious calcula-
tions, and more recently a modified Fourier transform method has
been proposed which gives the types of layer present, their propor-
tions and their relative distributions. It also has the advantage that
it can be used for systems with more than two components, although
in such cases ordinary transform methods would be preferable. The
transform method has been applied with success to montmorillonite—
water systems.

Having established methods for taking and interpreting X-ray-
diffraction patterns of clays, one of the questions arising is how best
to apply our methods to the study of soil genesis. In the minera-
logical field we are interested in how minerals in the soil parent
material alter to give other minerals under the soil-forming processes ;
in particular, how rock minerals alter to clay minerals and how one
clay mineral alters into another. Apart from the fact that the
products of weathering form the major part of the soil, the way in
which minerals break down influences the composition of the soil
solution from which plants extract their nutrients.

In the past, alteration studies of clay minerals in soils have
usually been made over a wide geographical range or on soils with
well-developed horizons or a combination of both. The wider the
spacial range covered by the study and the longer time interval from
the beginning of the alteration, the greater the number of variable
soil-forming factors and the greater the variation in individual
factors. The results obtained from such studies can only give a
time-average of all the processes which have been effective. It is
obvious that soil profiles do not form initially in horizons; in fact,
soil horizons are an idealization. It is rare for a soil horizon to
appear homogeneous even to the unaided eye, and alteration pro-
cesses occur on an infinitely more minute scale. When the soil-
forming processes act on the parent material the reactions begin at
points of weakness in the parent material and initial alteration is
localized around such points. If there are several processes operat-
ing with different rates, we may be able to find zones with different
degrees or types of alteration around active centres, and ideally we
should be able to obtain information about the many processes which
contribute to the end-product.

To approach the ideal of studying a single reaction, an effort is
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being made to study alteration in and around small areas in the soil
matrix where differences are visible. This method has several
other advantages; it employs more fully the X-ray technique,
which only requires small samples, it makes use of natural concentra-
tions and so allows ready detection of minerals which are present in
small amounts in the total soil and which can easily be overlooked in
bulk-horizon samples. In addition, readily visible morphological
features are among the criteria on which soils are classified in the
field, and the information obtained will apply directly to such
features. It is hoped that such studies will throw light on incipient
changes and intermediate alteration stages, for the time required to
develop a small feature is greatly less than that required to form an
horizon, and the distance between reacted and unreacted material
is small, so that constant parent material can more justly be assumed.

A preliminary study of some poorly-drained soils from Lancashire
somewhat along these lines has affirmed the evidence of an earlier,
broader study that lepidocrocite is an important pigment in the
orange-coloured mottles associated with impeded drainage. In
addition, the study showed that in these soils the clay mineral in the
soil matrix in which the mottles are found were, as far as could be
detected, similar in kind and amount to the clay minerals in the
mottles. This evidence suggests that the iron moved into the
mottled area from wherever it was released by iron-bearing minerals;
for if the iron oxide in the mottles had been due to local concentra-
tions of iron-bearing minerals in the parent material, then their
alteration products would be expected to have some effect on the
clay-mineral composition of the mottles.

The broader studies on a horizon basis are valuable, but for
information about a particular reaction we need to use more detailed
methods, for the results of broader studies are intractable to any-
thing but a general analysis in terms of particular reactions. The
method we are trying to use tends much more towards the study of a
single reaction, whereas the bulk-horizon method gives the result of
a set of frequently associated, but largely unknown, processes.

PROPERTIES OF CLAY MINERALS
Introduction

Clay minerals are by definition minerals of high specific surface,
and the part they play in soils is largely dominated by this fact.
A study of the properties of clays therefore resolves itself into a
study of their surface chemistry. The main objective of such work
has been to relate the mineralogy of clays to their properties with
the twofold result of being able to devise new tests to identify
minerals and predict the properties of clays found in soils from a
mineralogical analysis.

Expanding minerals

A superficial glance at the literature on clay minerals will quickly
suggest that as a class of surface-active solids they are often rather
unusual. There is, for example, a marked decrease in the surface
areas available to non-polar substances, such as nitrogen and ben-
zene, and that available to polar substances, such as water or pyri-
dine. This has been traced to the entrance of the latter class of
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compound,not only into clay aggregates, but also into the clay crystal-
lites themselves. The latter process often occurs in a regular way,
so regular that it is possible to investigate the swelling of the crystal-
lites by the changing of the positions of X-ray reflections without
any loss in their sharpness. This remarkable property has enabled
the arrangement of the intercalated molecules to be studied, work
that was first carried out by Hendricks in 1941. This aspect has
received much attention at Rothamsted, several hundred organic
complexes of a wide variety of chain and ring compounds having
been investigated in recent years. A survey of the results shows
that molecules that can behave as cations are strongly sorbed,
whilst those that tend to be anions are weakly attracted. Among
the “ neutral ’’ aliphatic compounds, those that are small and highly
polar, such as methanol, are favoured, but in the aromatic series
additional factors, due to distribution of the charge in the molecule
and molecular polarizability, assume great importance. Since the
internal surface may comprise up to 90 per cent of the total surface,
these studies of the interaction of the internal surface with organic
compounds are important in appreciating the classes of compound
that interact strongly with soil clays.

Similar methods of study have been applied to the interaction
of water and expanding clay minerals, but here the information has
tended to be of a different kind, namely the relation between the
swelling and the external vapour pressure. At low humidities the
direct method is used, whereby the clay is allowed to come to
equilibrium with definite relative vapour pressures of water vapour
and the swelling determined from X-ray photographs. The results
indicate that there is marked hysteresis between the wetting and
drying cycles, but this is reduced when the swelling is plotted, not
to the relative vapour pressure, but to the amount of water taken
up. Although hysteresis prevents detailed thermodynamic study
of the relation between vapour pressure and uptake, it can be clearly
shown that the uptake by a mineral at a given pressure is dependent
on the nature of the surface cations, those of high charge and small
size promoting thicker films than those of low charge and large size.
This result suggests that the formation of water films on clays is
analogous to the hydration of cations in solutions; the primary
process of sorption being one of forming a two-dimensional water
shell round the cations. Whilst recent X-ray work has confirmed
that this is essentially correct, it contradicts many of the older ideas
on clay-water relations, which were often based on inadequate
experimental data.

Investigations of the behaviour of expanding minerals at very
high humidities have also been carried out in connection with the
work on clay colloids pursued in the Physics department. Here the
sample may be immersed in salt solutions of known concentration
or brought to equilibrium with a known water-pressure deficiency.
It is found that there is generally a sharply defined limit to the swell-
ing of the crystallites, but cases occur, for example in sodium mont-
morillonite, where the swelling increases reversibly with vapour
pressure to an indefinite extent and the X-ray patterns indicate a
progressive decrease in order as the distance between the silicate
sheets increases. Clearly, when the distance between the silicate
sheets is of the order of 100 A. the system approximates to that of
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a true colloid, and it should be possible to test the current theories
of quantitative colloidal behaviour with the resultant experimental
data. When this is done it is found that the attraction between the
silicate sheets drops off much less rapidly than would be expected,
and it is concluded that present theories require drastic revision
where they have to deal with the behaviour of clay particles.

As the internal surface becomes thickly covered with water
molecules, the interlamellar cations are more easily able to move and
become available to plants. With cations of low hydration energy,
however, the exchange process is slow, due to the smaller amount
of water on the surface, a phenomenon which in its aggravated form
is known as cation fixation, and is of considerable practical import-
ance in the case of potassium. The principal problem in potash
fixation is to understand why it is severe in some soils and absent in
others, that is to say, what 1s the relation between fixation and the
nature of the soil minerals. In answer to this question a heartening
advance has recently been made, since a correlation has been found
between field fixation and the presence of a 14 A. reflection (a ver-
miculite mineral) on the X-ray photographs of the glycerol-saturated
clay.

YAnother kind of cation fixation that has been investigated is that
which accompanies the dehydration of a certain class of mont-
morillonite minerals when saturated with small cations such as
lithium. This effect, which is accompanied by loss of expanding
properties, is apparently due to the migration of the surface cations
into the silicate sheet and the filling up of certain vacant sites.
Such sites must not only be vacant but they must also be near the
seat of the negative charge in the silicate sheet. These conditions
define fairly closely the minerals which give this effect, and it is
easy to devise a test to distinguish them from minerals in the same
group which give very similar X-ray photographs. This type of
test has been found useful in examining the relation between soil
clays and their parent materials, as well as in classifying the numer-
ous montmorillonite minerals in the departmental collection. An-
other important use of this fixation effect has been to prepare
minerals with known amounts of expanding and non-expanding
silicate sheets and to study the X-ray and surface effects which
appear. This has a bearing not only on the surface study of the
partially expanding minerals in soils, but also on the fundamental
theory of X-ray diffraction applied to such problems.

Non-expanding minerals

Whilst the study of expanding clay minerals has rightly received
more attention in recent years, non-expanding minerals, e.g., kaolins
are also being investigated. The non-expanding minerals are not
as active in soils as the expanding minerals because of their much
lower specific surfaces. The methods of investigation must there-
fore be correspondingly more sensitive, but since hysteresis effects
are absent, the theoretical treatment of the results is simplified. On
the whole the effects observed have much in common with what has
already been described; the surfaces are more hygroscopic if the
exchange cations have a high hydration energy, and anomalous
effects are observed if a small cation like lithium is present.
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