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CLAY MINERALS
By

G. Bnowx & R. GnBrNr-Keuv
I)irRoDucrroN

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
irrinerdogy of clays * and the second the study of their proPerties.

Mrrqrnetocv oF CLAYS

Iatroduclion
To define a mineral we must know its composition and either its

stmcture or some properties which are related to its structure, The
vast body of mineialogy was built up belore methods of determining
structure existed, and such properties as refractive indices, bire-
frineence. shape of crvstals and hardness were used to define struc-
turi types. 'Nith m-inerals which form visible crystals there is no
dimculii in finding their composition, for almost iure samples can
be sepaiated. With the clay minerals, which for the most part exist
as crvstals less than I p in diameter, isolation of pure materials is
not e-asy, and the structurd properties which can be obtained u.ith
tight microscopes were often determined on impure materids.- With the advent of X-rav diffraction a diect method of deter-
mining atomic arrangemenf in crystals, that is their structure,
becami available, and ha-s been apPlied with success to a larte num-
ber of mineral structures. The information obtained from X-ray-
diffraction spectra is oI two kinds; the geometrical distribution of
reflections ii a measure of the geometry of atomic planes in the
cr1stal, in particular their interplanar spacings and interplanar
angles; thelntensities of the reflections are related to the arrante-
ment of atoms in the planes. With a single-crystal specimen,
spacings, angles and intensities can be measured. With fine-grained
materi-aG suih a-s clays we cannot obtain single crystals large enough
to handle, and powder specimens, which are really aggregates of
more or less randomlv oriented small crystals, must be used. From
Datterns obtained wiih powders we can, in theory, obtain interPLanar
Spacings ard intensities of reflections; but we can derive little
inform-ation 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
diff6rent sets oI planes overlap, so that the information obta.inable

. For a recent review of this 3ubject sec G. W. Britrdley llSsll. X-rzy
idcntirttaion ond rrystol sttucturrs ol clay indals. (IrDdoo: MiDeralodcal
Society.)
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from powder patterns is limited. However, structure determina-
tions on minerals such as micas rvhich are similar to the clal. minerals,
but which form larger crystals, Ied to a realization of the principles
rvhir-h appear to goi,em ihe structures of such materials. 'Inforhra-
tion on the co-ordination of cations and what kind of isomorphous
substitutions could occur became available, and by comparing X-ray
powdrr patterns of well-crystallized laler silicates with those <if
clays. the broad outlines of the structures of the different groups of
clav minerals have been obtained-"Knowledge of the structures of clay minerals gives a method of
determining the purity of a clay mineial sample by comparing the
obsen'ed X-ray-diflraction pattern with that expected lrbm a par-
ticular structure. In this way, from information on the chemical
comp<,sition and X-ray pattems of apparently mono-mineralic clays,
a body of knowledge has been buili up whiih enables the dif{erint
clay mineral groups which are present in a mixture to be recognized,

The maiority of clav minerals have laver structures consisting
of parallel layeri contairiing Si, AI. O and O"H and sometimes Mg, Fi
and other elements. The lavers consist of parallel sheets o[ atoms
which are firmly bound togeiher so that the'lavcrs are fairly stable;
between layers the forces arc usually ueaker. 'Thus 

sheetsb[ atoms
are bound together to form layers, and layers are superposed to form
crystals. The classification oI the clal minerals islarielv based on
stiuctural considerations, for the comfiositional range iit"hin groups
is of the same order as between groups.

In the structural field there are essentially two main t5ry€s of
layer which form clay mineral crystals. Firsf, there is the ii.rpe of
layer found in minerals of the ka'olin group, rvhich is often cilied a
I : I la)er, as it is made up by the condensation of one sheet of
tetrahedrally co-ordinated cations with one sheet of octahedrallv
co-ordinated cations. The thickress or heieht of a sinele I : t lavei
is about 7.2 A. The other tlpe of layer, *Bich is the B"si" t.v"i oi
micas, chlorites, r'ermiculites and the montmorillonite minerils. is
the 2 : I 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 sinete 2: I
layer is about 9.3 A. In a broad way we cav sav that I : I tvDe
Iayers are electrirally neutral in themselves. ih""z, t l.v"r. oitin
carry a negative charge due to isomorphous substitutions,-and these
negative chartes are balanced by positively charged atoms or groups
of at,)ms which are intercalated- betwee-n suciessive 2: I iaveis.
This leads to the range of minerals made up of 2 : I layers, for 

-both

the size of the negative charge per unit voliime of layei and also the
nature of the balancing positive group ran change. 

- 
Thus the lar,.er

height for the minerals composed ol 2 : I Iayers depends on the dize
of [he positively charged iriterlayer group.- In t]ie micas K- ions
balance the charge on the 2: I lavers anil the thickness oI a mica
later is about l0 A., in the vermicritites moderately hydrated cations
are found between the 2: I layers and the heigh:t oj a vermiculite
layer is about I4 A., and in the montmorillonite minerals the balanc-
ing cations are even more highly hydrated and the laver heirht
depends on the precise nature of the cation and the humiditv. Ii is
chiefly on the basis of these different Iayer thicknesses that ihe clav
minerals in mixtures are recogrized 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 la],ers,

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-difiraction patterns, then development of methods of inter-
preting some of the complex difiraction patterns obtained and
linally investigation oI the best ways of applying these methods to
the study oI soil genesis.

The chief method used to identify soil clal's is by X-ray-diffrac-
tion patterns, and until recently it was frequently suggested that
amorphous material, including organic matter, in soil clals inter-
fered with the difiraction patterns. \-arious chemical methods have
been used to remove the amorphous inorgaric material by solution,
and organic matter by oxidation and solution. In some cases it
appears that the composition of the cDstalline clay fraction is
altered bl, these treatments. In the work in this department on
soil claysirom many different parts of the world, we have Jound that
the cleaning oI clals is not necessary in order to obtain good, clear
difiraction patterns. The reflections may not always be sharp:
but in such cases the broad reflections are due to the nature of the
material, rvhich is often imperfectty crystallized. It appeaxs 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, diflraction patterns with clear reflections
rvill generallv 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 Iraction.
It uould seem desirable to disperse soil clays using the mildest
possible reagent. and then the results apply more directly to cla]'s
as rhev exist in the field. Having exa"mined the clay as it is in the
soil, s:e can apply cleaning treaiments and relate iheir effects to
u'hat was present in the untreated clays.

Examination of soil clays from England, using mild dispersion
treatments, has shou.n the presence of the hydrated iron oxide,
lepidocrocite, in many soils which show the orange motUing char-
acleristic of impeded drainage. Had the clays been treated to
remove amorphous matter, the form of the iron oxide would have
been le{t unknowa, and it is suspected that failure to detect lepido-
crocite earlier and more {requently is due to treatments to " Purify "
the clav minerals.

In ionnection &ith the interPretation of X-ray{iflraction pat-
tems of clavs, uork has been done on interstratifed clay minerals.
It was poinied out in the introduction that slight variations in the
interlayer $ouping have difierent layer heights characteristic of
difierent minerals. UsualJy, irdividual crystallites are composed
of only one t]?e of layer of a characteristic thickness, and a sample
mav be comoosed of a mechanical mixture of two kinds of crvstal-
litei, one wiih say l0 A. layers, i.e., mica, and another with ll A.
layers, i.e., vermicglite. Ho1'ever, ir some cases within a single
crystattite both l0 A. and 14 A. layers occur. These layers may -be
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arranged in a regular wa\' with respect to each other, or they ma] be
randomly distributed r.rithin the irystallite, and the interlretaiion
of the difiraction effects from randomly interstratified systems has
f-ormed part oI our work. The first step was to apply the formulae
developed by Hendricks and Teller to the calculatibir 

-of 
the pattems

which,would be given by a number of two-component systenis which
rvere likely to occur in soil clays. This involves several rather
tedious calculations for each syitem, since diflerent patterns are
given by different proportioni of the two compone-nts. X-ray
patterns of randomJy interstratified minerals are ihen interpreted
on the basis of the best 6t betr,r'een the observed and calcilated
patterns. A deta.iled study has been made of an artificially prepared
iandomty interstratified tio<omponent system in which"s6md con-
Lrol ove[ the proportions of each component could be exercised.
The good agreement obtained between calculated and observed pat-
tems of a range of proportions showed that the theoretical treatnient
was rssentially correct. All the above required laborious calcula-
tions, and more recentlv a modified Fouriei transform method has
been pro-posed which gives the types of layer present, their propor-
tions and their relative distributions. It also has the advantage ihat
it can be used for systems rith more than two components, alihough
in such cases ordinlry transform methods woutd be pref"ribt". T"he
translorm method has been applied with success to montmoritlonite-
water systems.

Having established methods lor takirg and interpreting X-rav-
diffraction pattems of clays, one of the quistions arising is how best
to apply our methods to ihe study of s;il genesis. In"the minera-
logical field we are interested in how minirals in the soil parent
material a.lter to give other minerals under the soil-forming processes ;
in particular, how rock minerals alter to clay minerals.id ho* onu
clay mineral alters into another. Apart irom the fact that the
products of weathering form the major part of the soil, the wav in
rvhich minerals break down influences ahe composition of the-soil
solution from which plants extract their nutrients,

In the past, alteration studies oI clay minerals in soils have
usually been made over a uide geographiial range or on soils with
well-developed horizons or a combination of bot-h. The wider the
spacial range covered by the study and the longer time interval from
the beginning of the alteration, the treater the number of variable
soil-forming factors and the greatei the variation in individual
factors. The results obta.ined from such studies can onlv eive a
time-average of aII the processes which have been effectiv'e." It is
obvic,us that soil profiles do not form initially in horizons: in fact.
soil horizons are an idealization. lt is rare for a soil horizon to
appear homogeneoul e-vel !o the una.ided eye, and alteration pro-
cesses occur on an infinitely more minute scale. When the ioil-
forming processes act on the parent material the reactions beein at
points of weakness in the parent material and initial alteratjon is
Iocalized around such points. I{ there are several processes oDerat-
ing \ ith different rates, we may be able to find zones with difrerent
degrees or types of alteration around active centres, and ideallv we
should bc able to obtain inlormation about the many processes wiich
contribute to the end-product.

To approach the ideal of studl-ing a single reaction, an efiort is
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being made to study alteration in ald arouad small areas in the soil
matdx where difierences 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 oI some poorly-drained soils from Lancashire
someu,hat along these lines has affirmed the evidence of an earlier,
broader study that lepidooocite is an important pigment in the
orangeroloured 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 irt 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 efiect 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 anall'sis 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 unkrown, processes.

Pnoprnrrrs oF CLAY MTNERALS

I ntroduction
Clay minerals aLre by de6nition minerals of high specihc surface,

and the part they play in soils is largely domirated by this fact.
A study of the properties of clays therefore resolves itsell 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 identi{y
minerals and predict the properties of clays lound in soils from a
mineralogical analysis.

Erfand.'fug mineruls
A superficial glance at the literature on clay minerals will quickly

suggest that as a class of surface-active solids they are olten rather
unusual. There is, for example, a marked decrease in the surface
areas available to non-polar substarces, 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 oI
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coirlpound,not only into clay aggregates,but also into theclay crj stal-
lites-themselves. The tatter process oIt(in occurs in a regular way,
so re(ular that it is possible to investigatr" the swelling of the crystal-
lites by the changing of the positions of X-ray re8ections without
ant lois in their sharpness. This remarkable propeny has enabled
thq 2rrangement oI the jntercalated molecules to be studied, work
that was irst carried out by Hendricks in 19,11. This asPect has
received much attention at Rothamsted, several hundred organic
complexes of a wide variety o{ chain and ring compounds haring
been investigated in recent years. A sun'ey of the results shou's
that molecules that can behave as cations are strongly sorbed,
whilst those that tend to be anions are r,r'eakly attracted. Among
the neutral aliphatic compounds, those that are small and highJy
polar. such as melhanol, are favoured, but in tbe aromatic series
idditional factors, due to distribution of the charge in the molecule
and rrolecular polarizability, assume Ereat importance. Since the
intemal surface may comprise up to 90 per cent of the total surface,
these studies of the interaction of the intemal surface with organic
compounds are important in aPpreciating the classes of compound
that rnteract strongly with soiJ clays.

Simjlar methods of studv havp been applied to the interaction
of rvater and expanding clav minerals, but here the infomation has
tended to be of a difierent kind, namely the relation between the
suelling and the extemal lapour pressure. At lorv humidities the
direcL method is used, u'herebl the clay is allowed to come to
equilibrium with definite relativi t apour pressures of water vapour
a;d the swelling determined from X-ray photograPhs. The results
indicate that there is marked hysteresis between the wetting arld
d4ing cycles. but this is reduced u-hen the swelling is Plotted, not
to'the rilative vapour pressure, but to the amount of water taken
up. Although hysteresis prevents detailed thermodlmamic study
oi the relation between vapour pressure and uptake, it can be clearly
shosn that the uptake by a mineral at a given pressure is dependent
on the nature o{ the surface cations, those of high charge arrd small
size l,romoting thicker 6lms than those of low charge and Iarge size.
This-result suggests thal the formation of water films on clal'' is
analogous to the hydration of cations in solutions; the primary
proceis of sorpLion being one of forming a t\^ o.d imen sional lr'ater
ihell round the cations. \\hilst recent X-ray work has confirmed
that this is essentially correct, it contradicts many of the older ideas
on clay- water relations, which uere often based on inadequate
exrrerimental data.

'lrvestigations of the behaviour of expanding minerals at very
hish hurniaities have also been rarried out in connection with rhe
work on clay coUoids pursued in the Physics deparlment. Here the
samDle mav be immersed in salt solutions of kro',rn concentration
or bi,rught-to equilibrium rr(ith a known water-pressure deficiency.
It is lound that there is generally a sharply defined limit to the swell-
ing of the crystallites, bul. cases occur, lor example in sodium mont-
morillonite, where the swelling increases reversibly with vapour
pressure to an indefrnite exfent and the X-ray patterns indicate a
orogressive decrease in order as the distance between the silicate
l.he&s increases. Clearlv. when the distance bet\ een the silicate
sheets is of the order oI itlO A. the slstem 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 ttu.een the
silicate sheets drops off much less rapidly than would be expected,
and it is concluded that present theories require drastic revision
rvhere they have to deal with the behaviour of clay particles.

As the internal surface becomes thicklv covered with waler
molecules, the interlamellar cations are more 6asily able to move and
become ava.ilable to plants. \\ ith cations of low hydration energy,
however, the exchange process is slow, due to the smaller a.mount
of u'ater 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
ixation is to understand why it is severe in some soils and abient in
others, that is to say, \,!'hat is the relation between fi,xation and the
nature of the soil minerals. In answer to this question a heartening
advance has recently been made, since a correlation has been founii
between field fixati6n and the presence of a 14 A. reflection (a ver-
miculite mineral) on the X-ray photographs of the glycerol-saturated
clay.

-Another kind of cation 6xation that has been investigated is that
u'hich accompanies the dehl'dration of a certain class of mont-
morillonite minerals when saturated with small cations such as
lithium. This eflect, 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 efiect, 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 tlpe 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 arnounts of expanding and non-expaniling
silicate sheets and to study the X-ray and surlace effects whicF
appear, This has a bearing not only on the surface study of the
partialty expanding minerals in soils, but also on the fundamental
theory of X-ray difiraction applied to such problems.

N on -e x! anding miner al s

\\'hilst 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-
Iore be correspondingly more sensitive, but since hysteresis effects
are absent. the theoretical treatment of the results is simplified. On
the whole the efiects observed have much in common with what has
a.lready been described; lhe 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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