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GENERAL DISCUSSION OF THE MINERALOGICAL
COMPOSITION OF CLAYS AND QUALITATIVE
X.RAY ANALYSIS OF SOME DUTCH CLAYS

by C. H. Edelman, F. A. van Baren and J. Ch. L. Favejee.

1. ON THE ORYSTALLINE NATTRE OF CLAY.

a. The antithesis crystalline-amorphous.

The word amorphous literally means without form and recails the
days when a distinction was made between substances with- form,
crystalline substances, and amorphous substances. This distinetion
was thug originally based on the external properties of the substances.

The development of crystal optics has already given an insight
into the special physical properties of a number of crystallized sub-
stances and has thus also offered an opportunity of determining the
crystalline character of many substances independently of their exter-
nal form. In particular, the combination of crystal-optical and micros-
copical methods, ie. investigation with the aid of the polarising-
microscope, furnished the proof of the crystalline character of many
substances, whose individual particles could not be recognized as
crystals. From these investigations are derived expressions like micro-
crystalline, cryptocrystalline, with which substances were descrlbed
which were considered originally as being amorphous,

Besides crystal optics, physical crystallography uses quite distinct
methods, which are of importance in all sorts of cases for distinguishing
crystalline from amorphous substances.

Physical chemistry, too, has contributed a good deal to the elumda,-
tion of the antithesis crystalline-amorphous. As typical examples of
amorphous substances may be considered the glasses.

~ With decreasing particle size of the substance to be examined the
application of optical methods is limited by the relatively great
wave-length of visible light. With the aid of X-rays, whose wave-length
is considerably shorter, much smaller partmles can be examined and
tested as to their cryst&lllne nature than is possible with optical
methods. As a rough suggestion of a lower limit it may he said that
particles consisting of less than some hundreds of atoms (or ions) are
generally beyond the limit of direct X-ray examination.

With the aid of X-ray analysis, again, several substances originally
considered as amorphous were recognized as being crystalline.
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: Althoughr,:therefore, the external form of the particles of a substance
was originally taken fo be characteristic of the crystalline state,
gradually the properties relating to its interior structure came to be
considered as of critical unporta,nce

The crystalline state is really a certain regular arrangement of
atoms (or ions) in a so-called crystal-lattice. Expressed more exactly,
the crystalline state consists of a threefold periodical arrangement of
atoms (or ions). Every crystalline substance, and also every modi-
fication of such a substance, hag its own characteristic lattice-structure
and it is an important problem of crystal chemistry to determine from
X-ray and other data the specific structure for every material, further
to study the properties of the substances in connection with the struc-
ture, and to explain, if possible, these properties from the lattice-
gtructure. '

As every crystalline substance has its characteristic lattice structure,
its X-ray photographis also characteristic, which makes X -ray analysis
an important help in diagnosing all sorts of crystalline substances.

Whilst the crystalline state has been characterized sufficiently
for our purpose owing to the threefold periodical arrangement of the
atoms (or ions), the opposite, the amorphous state, gives rise to diffi-
culties. It would be consistent to give a definition expressing the aperio-
dicity of the arrangement of the atoms {(or ions). There is, however,
no method that can detect the aperiodical arrangement of atoms {or
ions) by direct examination and thug those substances might be called
amorphous whose crystalline structure is not certain. We must here
refer back to the fact that substances whose grains are still finer than
the above-mentioned rough limit of some hundreds of atoms (or ions)
are beyond the limit of X-ray examination. In such cases, however,
it cannot be said with certainty that the particles of the substance
concerned do not have a threefold periodical structure. Thus X-ray
photographs of silica~-gel, a» material one is inclined to consider as
amorphous, sometimes show X-ray patterus of cristobalite, a modi-
fication of S§i0,, sometimes however they do not. This can easily be
explained by the consideration that the particles forming the silicic
acid gel are only in a number of cases big enough to render the de-
tection of their regular structure possible. The proof of this reasoning,

_however, cannot be given, On the other hand it is of little use to

consider the silicic acid gel in one case as consisting of crystalline
particles, and in the other as an amorphous mass.

If one adheres to the definition that a substance iz amorphous so
long as its crystalline nature is not proved, one should be prepared
for a continuous decrease of the number of suba’eances still to be con-
sidered as a.morphous

Although in the case of extremely fine dlspersmn some degree of
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uncertainty remains in distinguishing erystalline from amorphous sub-
stances, for a large number of substances their crystalline nature has
of late years been demonstrated, thanks to X-ray examination, To these
belong the clay-minerals which now come up for discussion in the

following sections.

b. Conceptions of the nature of the clay material.

In soil science clay is usually defined as the fine fractions of the
inorganic part of the soil, i.e. the particles with diametor smaller than
2 . The word clay, however, is also used to denote soils rich in inor-
ganic material with particles of diameter smaller than 2 u. In the
following discussion, the fine particles meant will therefore be desig-
nated as clay fractions or clay colloids.

One of the present writers (EpELMAN, 1937) some time ago discussed
former conceptions of the nature of the clay material. The following
is mainly borrowed from that discussion.

Ceramic interests have led to the development of more scientific
conceptions of clay. As kaolin is the most important constituent of
ceramic clay, in the course of time the notions kaolin and clay have
become more or less synonymous; clays which, from a ceramic point
of view, were less valuable, were considered as impure kaolins.

The old conception that kaolin is the characteristic constituent of
clays is also found in a more recent form, among others in Vaw
BemMMELEN (1916}, who considered clays as a mixture of:

1. The weathering silicate A, soluble in HOI (by treatment according
to a certain method), which constituent corresponds more or less
with the alumosilica gel of later authors and which was supposed
to be the bearer of the adsorptive properties of clay.

2. The weathering silicate B, soluble in H,S80, {also by treatment
according to a certain method), which constituent was supposed
to be kaolin. ,

3. The mineral skeleton, insoluble in the acids mentioned under 1 and 2.
Although the digtribution of kaolin cannot be considered at all uni-

versal according to present knowledge and although kaolin cannot be

wonsidered as the type clay mineral, the mineral still belongs to the
chief constituents of clays in general.

It ghould be borne in mind, that the recent conception of this mineral
is more precise than earlier definitions and that it is desirable to indi-
cate the mineral in the modern narrower sense as kaolinite. The term
kaolin may still be used for the ceramic material and in the sense of
the more vaguely defined materials in the older literature.

Soil science has led to quite a different idea of the nature of clay.
The term clay is now used in the sense of the finest fraction of the
inorganic constituents of the soil, especially since it has become known
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more generally that the clay of the soil scientists had the capacity
for base exchange. As formerly the zeolites were the only minerals
known to possess this property, the supposition arose that the clay
of the soil scientists contained zeolites, which gave rise to the use of
the term =oil zeolites for the clay fractions. Although the idea of soil
zoolites may at present be considered as archaic, the term isrepeatedly
found in the modern literature. _

About 1910, under the influence of the rapidly developing colloid-
chemigtry, another conception arose. In the laboratory so-called mixed
gels of silicic acid and aluminium hydroxide or iron hydroxide can
be prepared, which likewise possess the power to exchange bases. This
fact soon gave rise to the idea that the finest fractions of the inorganic
part of the soil consisted of these mixed gels. One of the principal
advantages of this theory over that of the soil zeolites is that the
zealites have definite chemical formulae, which could never-actually be
found by converting chemical analyses of clay fractions of soil. It
was the great variation in composition of the clay colloids and the
lack of steechiometric proportions which formed a strong support for
the theory of mixed gels.

One of the resultes of the theory of mixed gels was that extensive

investigations into the colloid chemical properties of these artificial

mixed gels were instituted; these investigations are of great value as
parallels to the phenomena in the =oil and recently, especially owing
to the investigations of MarrsoN (1929-1935), they have become of

fundamental importance for explaining the various soil types. For

the sake of completeénsss it should be added that soil scientists have
aleo occupied themselves with the permutites, artificial glass-like
zeolites that have also been studied as examples of the complicated
clay colloids without, however, having been identified with clay.
About 1928 the conflict of opinions seemed to be at an end; the
inorganic soil coloids were considered to be amorphous and to have
a varying composition, and the whole was considered as consisting of
mixed gels, finely divided between coarser particles, the soil skeleton.
Apart from the guestion touched upon in section o {namely how
far we are justified in considering the substance denoted as mixed gels

as crystalline or amorphous) it may be said that at present the theory .

of mixed gels as a general conception of the essence of clay colloids
is discarded. It is chiefly X-ray analysis that has been responsible
for this great change in opinions, Important contributions have
been made by HespRicks and Fry (1930} and by Krriny, DorE and
Browx (1981). An earlier publication by Gire (1925) has evidently
had little influence. X-ray examinations have shown that even the
finest clay fractions give X-ray photographs, which, when compared
with those of more or less well-known minerals, in most ¢cases give rise

g g e o
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to an unequivocal conclusion ag to the mineralogical composition of
the clay fractions concerned. Fven if in this field much is still far from
clear, the fundamental question whether the clay colloids are crystal-
line or not, has been answered, viz. in the affirmative.

Apart from the results of X-ray examination there are many
other facts which are contrary to the theory of the mized gels as a
general conception of the clay colloids. Along purely chemical lines
it can easily be established that the fine clay fractions are attacked
much less strongly by bases and acids than the mixed silica-sesqui-
oxide gels. It must be remembered also that pure minerals are still
perceptibly attacked by acids and bases. The dehydration of mixed
gels is quite different from that of clay colloids (PAravicini, 1932).
That zeolites play no rdle appears, among many other things, from
the fact that zeolites lose their base exchange capacity after heating
up to 350°, which is not the case with clay fractions of bentonites and
goils (Krtrmy, DorE and BrowxN, 1931).

Together with the development of the conception that even the
finest clay fractions are still for a considerable part crystalline, the
study of the clay minerals, a chapter of mineralogy, which formerly
could hardly be studied, has also progressed, so that at present the
chemical properties and the crystal strmeture of most of the clay
minerals are known, although it must be admitted that there remain
gome unsolved problems with regard to the clay minerals themselves.

In the above it hag already been pointed out that the very
variable composition of the colloidal fractions of the clays has been
congidered as an important argument in favour of the theory of mixed
gels. Of late years, however, the theories of isomorphous gubstitution
within numerous groups of silicates have changed, especially as a
result of the ideas of Braga (1932), in such a way that at present the
lack of stechiometric relationships in silicates is no longer considered
at all abnormal, so that this support also fell away from the theory

of mixed gels. : . .
A summary of the arguments that are in favour of the crystalline
nature of clay fractions of soils is found in Kerimy (1936a). .

. Some authors nowadays go so far as to deny the occurrence of amor-
phous substances in clay fractions (apart from the question discussed
in section @). In our opinion such an extreme point of view is not
justified. Misz NErs (1935), for instance, has shown microscopically
the presence of gel-like constituents in a number of soils (see also

rrimERs and KorLer, 1935). On theoretical grounds, too, there is
‘no reason why at least some percents of amorphous substance might
not be present in clay fractions. In general, however, it can only
be a question of small quantities. Although even such small quantities
will not be without influence on the properties of clays and soils,
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conversely it has become entirely impossible to consider the properties
of clay colloids exclusively as a function of these small quantities
of amorphous substances that are perhaps present in clay. The cry-
stalline character of the constituents of clay fractions involves the view
that the properties of the clay fractions concerned are functions of the
lattice-propertios of the constituent minerals (VAN ner MEULEN, 1035,
Epxrmax, 1935; KeLrey and JENNY, 1936; MarsHarn, 1937). This
means that it is necessary to identify these constituents and examine
their properties. This double task ia the basis of the investigations
to be discussed in this publication and in following ones. :

A result of the changed views as to the nature of clay bas first of
all been a very much increased interest in the already existing know-
ledge of the clay minerals. A number of summarizing publications
bear testimony to this. Of these may be mentioned: W. L. Braaa
(1937), BrammaLL and Lercu (1937), EpErman (1937), Von ENGEL-
BARDT (19875), UrBaIN (1937), W. H. Brace (1938), CorrENs (19384),
De LaprarEnT (1938), NoLL (1938).

2. PRINCIPAL: METHODS OF MINERALOGICAL INVESTIGATION OF CLAY
AND CLAY MINERALS,

a. Microscopical methods.

Microscopy is the obvious method for examining coarser material,
e.g. clay constituents with a diameter larger than 5-10 x. The sand
fractions (> 40 u) of Dutch soils have already been subjected to an
elaborate examination (for a summarizing discussion of these examina-
tions, see EDELMAN, 1938 @ and b) with almost exclusively microscopical
methods,

The only publication in which constituents of the fractions of
5-40 p of Dutch soils are examined is that by F. A. vax Barew (1934).
As the intermediate fractions are in many respects of interest, they
will play an important réle in the future mineralogical examination
of Dutch soils, but the examination made in this respect at Wageningen
is not yet finished.

The technique of the microscopical examination of the grain fractions
mentioned above has been developed especially by CorrEns and his
co-workers. From this school comes the greater part of the literature
on the mineralogical composition of the intermediate fractions of clays,
among others SorLUNzZ (1933, 1935), CorBENs and ScrHLUNZ (1936),
CorRENS (1935-1937), Vo ENGELHARDT (1937a), SCHACHTSCHABEL
(19376), Prarow (1937), CorrENS (1938a). The application of this
part of the mineralogical examination of clay is retarded by the labo-
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rious character of the investigation, but important results may be
expected in the future.

For material with particle size smaller than 5 4 direct microscopical
examination is in general difficult or impossible. Yet, in favourable
cases ik is possible to carry out some important determinations. Thus
a mean refractive index can be determined on flocculated colloidal
material, but this is only of value if the colloidal material consists

-entirely or practically entirely of one single mineral. For this determin-

ation many immersion liquids are unsuitable, because certain clay
colloids have a strongly adsorbing effect on these liquids, so that the
R.IL is changed {Corrers and MEHMEL, 1936; F. A. vax BaREN, 1936).
With the use of the usually flat shape of the clay particles GrIM
{1934) succeeded in orientating the clay particles on an object glass
by means of sedimentation from a suspension. In this way at least
one of the R.1.’s can be determined accurately, while sometimes, in
the case where the particles orient themselves also according to their
horizontal axis and the orientation is therefore complete, the optical
sign can also be determined and the optic angle measured.
MagsHALL (1930, 1935a) has developed a method for determmmg
the electrical double refraction of a clay suspension. This method is
based on the possibility of orientating the particles floating in the
suspension by means of an electric field, which makes it possible to
meagure the bi-refringence of the suspension. This electrical bi-refrin-
gence proved to be dependent on the adsorbed bases of the suspended
clay. It may be remarked that MansuaLr did not take into account
the possibility that the result of the measurement can be influenced
by the water molecules, which, dependent on the hydration of the
bases present in each of the cases examined, are adsorbed in different
quantities by the clay particles. This seems more probable than Mar-
SHALL’S view, that the adsorbed bases themselves might be the direct

cause. of the difference in electric bi-refringence.
4

b. X-ray methods. .
The fundamental principles of the X-ray method will not be described

L
. here; for this we refer to the numercus summarizing works in this field,

e.g. W. L. Braea, The Crystalline State, I. General Theory, (London,
G. Bell, 1933); F. Harra und H. Marg, Rontgenographische Unter-

,suchung von Kristallen (Leipzig, J. A. Barth, 1937); J. M. Brurvogr
“en N. H. Konrmurrer, Rontgenanalyse van kristallen (Amsterdam,

D. B. Centen’s Uitgevers-Maatschappij, 1938},

The powder method of DeBIIE-ScHERRER-HULL takes up a dominat-
ing position in the X-ray examination of clay. Only very rarely
was it possible to find bigger crystals of clay minerals, which could be
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used for rotation photograph (Ksanpa and Barrm, 1935, for dickite,
Henpricks, 19385, for tale and pyrophyllite). Naturally these special
cases are of great importance for determining the crystal structure
of the minerals concerned, but for the examination of clay fractions
which by definition consist of material with fine grains the method
cannot, of course, be taken inte consideration.

Crark, GriM and BrapiEY (1937, cp. also Grim, 1934, guoted
in section @) succeeded in making X-ray photographs of aggregates
consisting of orientated settled clay particles. The aggregates to a
certain extent allow of rotation patterns to be made and can at least
form a valuable supplement to the powder photographs. Their method
certainly deserves to be followed, especially in connection with the
study of the crystal structure of minerals which only occur in sub-
microscopic crystals.

The determination of the mineralogical composition of the clay
fraction can be made by comparing the X-ray photographs of clay frac-
tions with those of standard photographs of minerals which can be con-
gsidered as constituents of clays. Geochemical considerations make it
probable that numerous important constituents of the earth’s erust
cannot occur in clays. Theoretically it is not impossible that the mine-
rals used by others and also by us as material for comparison do not
comprise all the possibilities, but it must be considered as in a high
degree improbable that well-known minerals hitherto left out of con-
sideration should play an important part in clays. There is, it is true,
some uncertainty as to the mutual relationships of a number of clay
minerals in a narrower sense, but here the difficulty lies in the very fact,
that the minerals concerned are limited in their occurence to the clays
and comparison with standard preparations is therefore impossible.

Apart from its use in identifying the constitnents of clay fractions,
X-ray examination is of importance in studying the properties of the
clay minerals themselves. The chief and most fundamental application
in this connection is naturally the determination and closer study of
the erystal structure which for some important constituents of clay
fractions must still be called unsatisfactory. In addition, several other
cagses may present themselves in which X-ray examination is desirable
or necessary, e.g. in verifying the purity of preparations to be used
for scientific examination, It is exactly by the fact that clay fractions
in general consist of different constituents that the results of several
examinations, e.g. in the field of chemistry, cannot be considered as
characteristic of the conduct of certainimportant constituents. In future
this will undoubtedly be different owing to the possibility of X-ray
checking. :
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c. Analytical-chemical methods.

Total analysis of clay fractions has received much attention, especi-
ally in Russia and the United States (RosinsoN and HorLmes, 1924;
Axprrson and ByErs, 1931; ANTiPov-KARATAEV and BRUNOWSKII,
1936; Byers, ALExanD®ER and Hormrs, 1935). It is hoped that in
this way a system of soils will be established, in which the ratios silica
— sesquioxides and silica — alumina, respectively, determined in
both cases on the clay fraction, might serve as a basis. It is no doubt
of importance in all circumstances to know the composition of the
clay fractions and the above mentioned ratios, but the value of the
analysis iy limited by the fact that many, perhaps most, clay fractions
are mixtures of substances which should be known, before it can be
decided to what extent systematics based on the total composition
has any value. Considered in a broader conmection it is therefore
necessary to study the total analysis of clay fractions in the light of
the results of other methods, especially those of X-ray examination.

A second cause of uncertainty in interpreting the total analysis of
clay fractions lies in the bases adsorbed by the clay colloids. These
bases are not always removed, or substituted by & bage like ammonium,
before the material is analysed.

If there is any certainty as regards the mineralogical punt.y of the
preparation to be analysed, total analysis becomes a very valuable,
even indispensible help in studying the substance concerned.

In case of a very small particle size another difficulty crops upin
interpreting total analysis, viz. that the esgential composition of a
substance need not agree with the real composition. A possible example
of this case is discussed in 3 c.

By the side of total analysis, rational analysis must be mentioned
in this connection. An elaborate examination of Dutch clays, in which
rational analysis plays an important part, is that of RoBorcm (1935).
The mineralogical interpretation of the data obtained by rational
- analysis is very difficult. The attack by acids is not only dependent
on the strength of the acid, the temperature, the time of action and
the way, in which the extraction is made, but also on the particle size
(the surface) of the material dealt with. It is therefore practically im-
possible to say what really happens to the material during the acid
treatment. Probably a close study of the action of acids on fractions

— lying between narrow limits — of the pure minerals will give a
better insight into the interpretation of the results of rational analysis.
" As a mineralogical method rational analysis of clay fractions is for the
time being only of limited importance.
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d. Oolloid-chemical methods.

Tt ig not at all our intention to give in thig section a survey of colloid-
chemical methods which. can give a decisive answer as to the nature of
the material constituting the clay fractions. We only. want to direct
attention to the fact that there are colloid-chemical methods that are
of importance for our purpose.

Titration-curves of clay fractions have repeatedly been published
(see e.g. ANpERsSON and ByEers, 1936; Mitra, 1936). From the data
brought together in this way it appears that the titration-ourves of
different clay fractions can have an essentially different form. It would
be of great importance to be accurately informed as to the buffer power
of the pure constituents in order to have thus a basis for judging the
conduct of mixtures of the clay minerals. The advantage of the titration
of clay colloids above other methods of investigation is, that the time
necessary for carrying out the titration is comparatively short. The
exact interpretation of the titration-curves of clay colloids is far from
simple, but as a rapid method for the characterization of a clay colloid
the titration can yet be of value.

The relation between the adsorption capacity of clay colloids and the
pH of the buffer solutions with which the adsorption capacity is deter-
mined, can also be characteristic of certain clay colloids. ere a publi-
cation by HarDow (1935) may be mentioned, in which widely differing
curves with regard to this connection are given for characteristic
examples of the main soil types of Java. One of the following communi-
cations from this series will refer to this important material of Harpow.

Bir (1936, gee also Bir and TENDEL0O, 1936) found for a number
of clays a more or less linear relationship between the adsorption
ca,pa,city and the pI. His view that this approximately linear relation-
ship is actually hnear, is hardly compatible with some of the curves
of Hazpox.

As was also the case with &nalytlcal -chemical methods, colloid-
chemical methods for characterising clay colloids have hitherto been
chiefly applied to material of heterogeneous composition. In this case,
too, the investigation on guaranteed pure material will be able to clear
up our views considerably, Here too the X-ray check on the preparations
to be examined should not be neglected.

That very simple colloid-chemical phenomens can also be of im-
portance for our purpose, is illustrated by a recent notice of Nacxrr-
SCEMIDT (1938b) on rod-shaped clay particles, suspensions of which
may show negative streaming double refraction. This rod-shape is
according to NAGELSCHEMIDT probably characteristic of particles of
minerals from the palygorskite series, although disk-shaped particles
may also have aggregated into rods and in this way can show similar
phenomena in suspensions.
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An entirely different application of colloid-chemical methods is
based on the fact that in principle it will be possible to separate clay
minerals from each ofther by making use of their different colloid-
chemical behaviour. Even though attempts in this direction have up to
the present moment not.yet led to a satisfactory result (e.g. DrRosDOTTF,
1985; Ursarr, 1937), all hope of success need not be abandoned
beforehand.

e. Thermal methods.

With the aid of thermal methods the alterations of a substance
which occur by heating are studied. The method which is mostly applied
determines the loss of weight; as a rule this loss is caused by de-
hydration.

. The dehydration process is more or less characterigtic of each mineral,
so that it is often possible to draw conclusions from the dehydration
curve of a clay fraction as to the presence of certain minerals,

In dehydration, however, there may arise all sorts of difficulties
which hamper the direct interpretation of the curve cobtained. As a
variable factor there iz not only the particle size of the material, but also
the vapour presgure during dehydration and the speed with which
dehydration is carried out. By deminishing the particle size even the
character of the curve may change. The latter phenomenon has been
studied, among others, by Krriry, JEnNY and Browxy (1936) and
can be explained by the congideration that with extreme crushing so
many hydroxyl-ions come to the surface of the crystal fragments, that
a large part of the water conductsitself as,,adsorbed’” water and escapes
at a relatively low temperature.

A further difficulty is that it iz not certain at the outset that mixbures
— and the clay fractions are often mixtures — during dehydration show
& behaviour in agreement with the sum of the behaviours of the 1nd1-
vidual constituents in dehydration.

Notwithstanding these difficulties, examination of the dehydration
phenomena is undoubtedly of value for characterizing clay fractions;
the application, however, is hampered by the fact that the investiga-
tion takes niuch time.

~ TIn French literature frequent use is made of go-called thermal
‘analysis. This method is based on the fact that during heating
reactions occur in the preparation which are partly exothermic, partly
endothermic. This can be established by gradually heating the sub-
. 'stance to be examined in a furnace and continually comparing the
temperature of the preparation with that of another substance, which
shows no gpecial reactions, placed in the same furnace. If an exothermic
reaction takes place in the preparation, its temperature rises above
that of the other substance; during an endothermic reaction the
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temperature of the other substance is higher. It will be clear that a
distincet difference in temperature between the two substances can
only arise if the heat effect is sufficiently great. This is at the same
time the strong and the weak point of the method (De KEvsEr, 1937).
The fact that this determination can be carried out quickly favours
the application, but on the other hand its interpretation is limited.
The above mentioned influence of the mixture on the course of
dehydration can also appear in the thermal analysis of clay fractions.

;. The synthesis of clay minerals.

The synthesis of clay minerals is naturally not of direct importance
for the examination of the clay fractions themselves, but it is of great
importance for forming a correct idea of the circumstances in which
clay minerals can arise and moreover it can give a decisive answer as
to the variability of the composition of the mineral concerned.

The prineipal recent examinations of the synthesis of clay minerals
have been carried out by Nowixr (1934, 1935, 19364 and &) who succeed-
od in preparing a number of minerals within the system Al,0, — 8i0, —
H,O0. His preparations have been verified optically and by means of
X-rays, so that his identifications are irrefutable. The circumstances in
which NoiL carried out his syntheses of minerals differ greatly from
those which occur in soils and resemble more the hydrothermal process.
There are, however, some parallels between nature and NorL’s experi-
ments; thus the conclugion may be drawn, if only with reservations,
that kaoclinite arises mamly under acid condltwns and montmorillonite .
under basic conditions.

Further, it is of importance that montmorillonite can be obtained
in systems which contain no magnesium. This result means that,
contrary to the assertion of some investigators montmorillonite need
not contain magnesium.

Very interesting from a soil scientific point of view is a synthesis
of montmorillonite by SEpLICKIT (1937) consisting of an ageing, during
a period of over three years, of a mixed silica-alumina gel of a suitable
composition. This synthesis too has been verified by means of X-rays.

Further literature on recent synthesis of clay minerals is found in
VoxN ENeELHARDT (19375) and NoLr, (1938).

g. Swmmary. i

From the above it appears that many methods are more or less
guitable for characterizing or determining clay colloids. At the same
time, however, it appears that the X-ray method takes up a special
place, not only because it allows of fundamentally important observa-
tions to be made, but also because, by the side of numerous other
methods, it is indispensable for checking the purity of the material.
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3. THE PRINCIPAL MINERALS OCOURRING IN CLAY
AND SOME OF THEIR PROPERTIES.

All minerals oceurring in clay may be called clay minerals but it is
desirable to call those minerals which practically only occur in clays
clay minerals in a narrower sense.

In this survey, however, the principal minerals of clay fractions in
general will be discussed, and with special reference to the constituents
of Dutch clays.

a. Quartz and silicic acid.

The occurrence of quartz in clay Iractions is of importance for
various reasons. First of all quartz disturbs the interpretation of the
chemical analysis of the clay fractions, because the mineral increases
the ratio 8i0, — sesquioxides in a way which does not agree with the
objects underlying the calculation of the ratios mentioned above. For
these ratios are determined in order to get an impression of the ratio
of reactive acid material to reactive acidoid material and this aim is not
reached if a considerable quantity of non-reactive substances is present
in the clay fractions.

Further, a result of the presence of the non-reactive guartz is that
the adsorption capacity gives too low an estimate of the aet1v1ty of
the material that really causes the adsorption.

It would therefore be desirable not to reckon quartz in clays, but
then objections arise in connection with the definition of clay. However,
a distinction might be made asregards the clay fraction between reactive
and non-reactive material.

In the X-ray examination of clay fractions quartz can comparatively
easily be identified by comparing the X-ray photograph with that of a
standard preparation. In Table I (p. 28) the second column indicates
the values found by one of the present writers (Favesrz, 193%a) for the
various interferences, and the third gives the calculated values for the
sake of comparison. s

It is possible to determine the content of quartz chemically, by an
agent which destroys the other elements, but leaves quartz unattacked.
Phosphoric acid (Hirscx and Dawraz, 1932) and perhaps the borofiuoric
acid recently recommended by Lowve and AraDing (1937) are suitable
for this purpose.

The question how far quartz is formed in clay colloids, or, in the case
of alluvial clays, is originally present as such, is not unimportant.
- Although it is very probable that the latter is often the case, naturally
the possibility of the formation of quartz in soils is not entirely excluded.
In connection with this it may be remarked that in the first instance
gilica-gel when ageing is not transformed into quartz, but into cristo-
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balite. That the cristobalite Iattice, although metastable, is very con-
stant, can be made plausible by means of the following hypothesis. The
decidedly hydrophile character of the silica-gel involves the supposition
that the micelles are strongly hydrated. The possibility of a high con-
tent of water should therefore be considered as a condition of the build-
ing schema of the growing particles. The structure of quartz is too
compact to have room for water-molecules; this structure is essentially
»dry”’. The cristobalite pattern, however, leaves enough space for
taking up water-molecules, so that it is conceivable that the simple
cristobalite-lattice, filled up and enveloped by water-molecules forms
the basis of the silicic gel. The lattice, which is itself metastable (i.e.
in a dry state), is, as it were, supported by the water-molecules (see
also BurraEr, 1935).

- The weakly acid character of silicic acid, as well as the fact that
it has no fixed formula, can also be explained with the aid of the cristo-
balite-lattice. The surface of an arbitrary fragment of a cristobalite-
lattice is formed by a number of oxygen tetrahedra with a silicon in
the centre, but in which necessarily 1 or 2 oxygens are lacking. 1t is
probable that this form of surface does not exist in particles of sirongly
hydrophile material. It may be expected that the incomplete tetra-
hedra lying on the surface are completed by hydroxyls; this is possible
when one oxygen of theincomplete tetrahedron is considered to be com-
bined with a water-molecule to two hydroxyls. A small part of these
hydroxyls will be dissociated. In this way an idea can be formed of
the particles of the silica gel, which apparently can explain all sorts
of properties of the silica gel, or the silicie acid, e.g. the hydrophile
character and the weakly acid character of undetermined ‘““valency*,
which latter is also determined by the size and the form of the particles,
The “‘meta-silicic acid* can be found. back as a structural element in
the cristobalite-lattice, algo the ‘““di-silicic acid” and other “silicic
acids®. It is, however, easy to understand that none of these structural
elements can form independent lattices, in accordance with the fact
that independent hydrates of $i0, do not exist. The so-called silicic
acids ean only occur as particles with a definite form and a limited
size. The leaf-shaped di-silicic acid is especially striking.

The general formula of the pa.rtmles of a silica gel becomes:
8i0,., (OH),, nH,0.

In soils of J&va amorphous silica was found mlcroseoplca,]ly by Miss
Nrrs (1935). In the Netherlands in many clays silica appears as
diatomg and remains of other siliceous organisms, perhaps also in other
forms; as from this non-erystallized silicic acid {KaHANE and ANTOINE,
1936) cristobalite can be formed by ageing, the possibility of the
occurrence of lines of cristobalite on X-ray photographs of clays should
be taken into account.
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b. Feldspors and other important rock-forming minerals. o
The occurrence of appreciable quantities of important rockformng
mineralg (with the exception of quartz) in clay fractions is & priori not
very probable. For the minerals concerned, such as feldspars, amphi-
boles, pyroxenes, biotite, olivine, leucite, and nephelite (and volcanic
glass), are subject to hydrolysis, which acts very strongly upon very
small particles. Especially in the soil, therefore, these very small
particles have only alimited term of life. They can only be expected,
therefore, if the clay fractions consist of still slightly weathered rock-
powder, which itself is a product of extreme mechanical forces. Glacial
deposits, and also fresh volcanic ashes can give rise to these special
conditions.

The possibilities of finding appreciable guantities of rock-forming
minerals in clay fractions are therefore limited to special cases, although
these special cases are very important from the point of view of soil
science and geochemistry. The chance of finding smaller quantities
of rockforming minerals in clay fractions is naturally greater, but this
also seems to be limited.

In accordance with the above, only few clay fractions have been
described in the composition of which rock-forming minerals have to
some extent an important share (for some examples see CoRRENS,
1935-1937). '

For the sake of completeness it must be remarked that the chief
rock-forming minerals often play a great part in the coarser fractions of
soils and clays, and also in the so-called intermediate fractions. As such
they are of great importance for soil science, both fors oil systematics
and for evaluating the mineral reserve. Microscopical examination is
particularly suitable for the study of these fractions.

¢. Muscovite and related minerals. -

The geochemlca,l position of muscovite is such that the ocgurrence
of the mineral in clay fractions need not be wondered at. In eruptwe
rocks muscovite occurs rarely, in metamorphic rocks, however, it is
very frequent, especially in those which have been formed at low
tempera,ture

' The composition of muscovite is relatively variable. If one takes as
a theoretical composition the formula K Al, (Al 8i;) O, (OH), and if one
tries to form an idea of the variations possible, one should remember
.the following:

1. The number of pota,ssmms is equal to the number of aluminiums
within the brackets.

2. The potassiums may, as far as they occur at the surface of the
particles, have been substituted by other bases or by hydrogen. This
possibility comes more to the front, the smaller the particles are, and
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can, indeed, be of importance in clay fractions.

3. The aluminium outside the brackets may have been substituted

by magnesium and (or) iron.

So the general formula becomes:

(K:H 1—13A12~q(Mg!Fe)ﬁgQ{All—PSia—i»p)om(OH)z-

Now it seems that in the forms of muscovite more or less constant
at low temperature (GriM, BRAY and BRADLEY, 1937; MARGDEFRAT
and Hormanw, 1937a) the factor p is considerable and may by first
approximation be put at 0.5. The factor q is of less impaortance and
amounts to 0.5-1.

So a probable formula for muscovites occurring in clays is:

(K, H); Al; (Mg, Fe), ALSi;,0,(0H),.

GriM, Bray and BraDLEY (1937) suggested the name of illite for
this variety of muscovite relatively poor in potassium and rich in sili-
con, which is reminiscent of the phengite of the older mineralogical lite-
rature. Before, however, it has been decided by means of chemical
analysia of pure preparations whether muscovite from Dutch clays
corresponds with the above deseribed variety, it would be premature
to speak of illite in our case, so that we consider it desirable for the
time being to adhere to the term muscovite.,

Until lately there was a great confusion in the literature as regards
the presence, if any, of muscovite in clay fractions. On the one hand
a number of West-European investigators, GorLpsoEmint (1926) and
his eollaborators, Corrung (1933) and his collaborators, NAGELIGEMIDT
(1934), further CLAUSEN (1932) and vaw Barex (1934), believed that
they had established the presence of the mineral in clay fractions. For
a time this was contradicted, also for Dutch clays, by another group of
investigators (e.g. HorMaww, Ewpern and Wrinw, 1934; JAror, How-
MANN, LooFMANN and MARGDErFRAT, 1935; JAkoB, 1938), Later, these
investigators wrote about ,, Tonmineral X"’ and still later about ,,Glim-
merton’’; a recen} examination from this quarter (MARGDEFRAT and
Hormanw 1937a), however, admitted the importance of the micas for
the clays (see further GriM, Bray and Braviey, 1987).

Undoubtedly, many clays which lack muscovite, oceur in our earth,
but extensive areas have soils with clay fractions of which muscovite
is an important constituent, and to these areas the Netherlands belong.

The X-ray identification of muscovite is possible by comparison with
standard photographs (see Table I, p. 29), some of which have already
been mentioned in the literature. Tor the mutual distinetion of the
different micas a publieation by NacrrsenmMInT (1937)is of importance.

An important question is the significance of muscovite with regard
to the adsorption phenomena in clay soils. Most investigators, who
have occupied themselves with this question, have come to the con-
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clusion that muscovite actually contributes to the adsorptive proper-
ties of clay fractions. Here the particle size of muscovite naturally plays
an important part. As Grim ef al. were able to isolate pure very fine-
grained muscovite (illite) from their samples with the aid of the ultra-
centrifuge, the possible presence of extremely fine-grained muscovite
(therefore with a considerable total surface) should be taken into con-
sideration.

Besides X-ray examination, also the dehydration curve is of im-
portance for identifying muscovite. Characteristic is the dehydration
between 400° and 600°, at which temperatures the other clay minerals
have already lost their bound water.

The great significance of the presence of muscovite in clay fractions
naturally lies in the bound potassium. First of all the occurrence of
potassinm in this manner is of great and fundamentally geochemical
importance. In the earth’s crust potassium and sodium oeccur in
gquantities of the same order. Sodium however can find no place in the
lattices of the weathering minerals {with the exception of the unim-
portant zeolites) and is therefore washed out in order to accumulate
in seawater, as is generally known,

Potaggium, however, owing to the relative stability of the mica-lat-
tice can remain part of the solid earths’ crust, or, if it is considerably
displaced in the dissolved state, it can, possibly from the seawater,
be built into growing mica-lattices (see also CorrENs, 1938b). So the
fact that at any rate certain forms of mica are stable at low tempera-
tures involves a great difference in geochemical conduct between
potassium and sodium. The mica in clays and other sediments there-
fore forms the counterpart of the sodium-content of the oceans.

From the point of view of soil science muscovite is of course of
great importance in connection with the rdle potassium plays in plant
nutrition. Owing to hydrolysis, potassium can be removed from the lat-
tice of muscovite and used for vegetation. Thus SCHACHTSCHABEL
{1937a) found a correlation between available potassium according to
Neubauer and the muscovite content of some soils, at leagt if he took
into consideration the particle size of muscovite. In other circumstancks
the growth of the muscovite-lattice is perhaps possible, which means
fixation of potassium in the soil. On the phenomenon that some soils
© fix potassium in such a way thet plants can hardly take it up, there is
an extensive literature, among which several recent publications:

CHAMINADE and DrouiNeaUr (1938), JorrE and Kovnopwy (1936),
- Gowpunov (1936), SeHACHTSCHABEL (19370), Vorx (1938). It has been
attempted in these publications to connect this fixation of potassium
with the development of muscovite {VorLx, 1933, 1934), :
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- d. Kaolinite and relofed minerals.

Under this heading will be discnssed:

kaolinite (and anauxite).
dickite and nakrite.
halloysite and metahalloysite.

Kaolinite, formerly considered as the typical clay mineral, has the
formula AlSi,0,(0H), or AL0,.2 810,.2 H,0. It seems that the iso-
morphous variation of this composition is not very important. There
are clays which contain more 8i0, than is indicated by the formula of
kaolinite, which, however, cannot be distingunished by X-rays from kao-
linite. They are called anauxite and have the composition AlQ,,.
2-3 8i0,.2 H,0. The explanation of this curious deviation is not simple
on the basis of their structure. GRUNER (1932a) was originally of the opi-
nion that probably a number of silicon ions replaced aluminium and so
were surrounded by four hydroxyls and two oxygens, which meant an
absolute novelty in the crystal chemistry of the gilicates (MAcmATSKI,
1938). Later GruNEr (1937) changed his opinion in so far that he
supposed that groups Al,O,(OH), might be replaced by groups Si0(H,).
A different explanation is that of JIENDRICKS (1936} who hit upon the
extremely interesting idea that the anauxites might be kaolinites with
incomplete lattices marked by a deficiency in aluminium, Although
HrvprIcKS’s hypothesis may not be considered as proved, we will
dwell on it, because it gives & very suggestive idea of a complication
which clay mineralogy has to take into account. Clay particles can be
so small that superficial lattice-distortion of the partioles can lead to an
actual composition of the material, which can considerably deviate from
the ideal composition according to the formula. HENDRICES’S hypo-
thesis must be considered as such. If kaolinite particles have a dia-
meter of about 55 A, each aluminium layer contains about 150 alumi-
niums, of which about 50 are in superficial position. These 50 super-
ficial aluminiums (together with a suitable quantity of hydroxyls) can
be lacking without seriously disturbing the coherence of the lattice.
With the above diameter of the particles, therefore, a third part of the
aluminium may be lacking, which gives the extreme case of an anauxite
with 3 8i0,. With larger particles the percentage of superficial alumi-
niums is naturally smaller and then, in the extreme case, aluminiums
which are farther removed from the surface should also be lacking.
There are however many anauxites with legs than 3 8iQ,.

As a possible cause of the lack of superficial aluminiums acid
hydrolysis may be considered. Kaolinite iz iscelectric at pH = 4, so
that, according to the theory of the isoeleciric weathering, at pH > 4
gilica and at pH < 4 alumina must go into solution. In this train of
thought alkaline hydrolysis may be made responsible for kaolinites
with a deficiency in 8i0,. SBuch kaolinites are frequent.
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As has already been remarked the exact explanation of the formula
of the anauxites is far from simple. Both HExNDrIOES and GRUNER
look for the proof of their idea to a careful examination of the lattice-
water. With such small particles, however, the distinetion between
adsorbed wator and lattice-water is difficult to make. But we thought
it-right to point out that HeENDRIOES’s hypothesis, in spite of the as
vet not quite convincing experimental basis, is characteristic of a dif-
ficulty which may be considered as inherent in clay mineralogy, and
that the total composition of material consisting of very small particles
cannot easily be interpreted.

The X-ray photograph of kaolinite is very characteristic and the
interference, corresponding with a spacing of 7.1 A, forms the chief
distinguishing mark (Table III, p. 30).

The colloid chemical properties of kaolinite have repeatedly besn
studied, but it has appeared that the mineral is not very reactive, at
least in normal concentrations of hydrogen ions. One of the present

© writers {(EDELMAN, 1935, 1937) believed that this could be inferred from

the crystal structure. In normal cases and with normal methods ad-
sorption capacities of 1-10 milli equivalents per 100 grams of material
smaller than 2 g are found. There are two possibilities by which higher
values may be found, viz. by carrying out the determination with high
pH, e.g. with the Hissink method (Hissixk, HoogmoupT and v. .
SPEE, 1936), or by examining extremely fine-grained material. KELLEY
(193556) crushed kaolinite to such an extent that it no more yielded
a good X-ray photograph and the lattice-water largely escaped at
a low temperature; he then found a considerable adsorption capacity.
It is, however, not known, whether such extremelv fine-grained kaoli-
nite ocours in nature.

Many studies (e.g. Prmtems, 1928) have been made of the dehy-
dration of kaolinite, which is to be considered as a mineral which
is the chief material of ceramic industry. The theory of the pro-
cesses taking place in heating kaolinite will not be discussed here.
The dehydration curve of kaolinite may be considered aa charagc-
teristic,

* Kaolinite originates in nature in very different ways, both hydro-
thermally and by surface weathering. Many deposits used for ceramic
purposes consist of alluvial material.

Finally, it may be remembered (see also p. B) that by kaolin one

- ‘isually means a clay useful for ceramic purposes. Most of these clays
_ contain kaolinite, but as a rule other minerals besides, such as quartz

and {or) muscovite. The “standard” kaolin of Zettlitz, too, which
plays a rather important part in the 11te1'ature is not a mmera.loglca,lly
pure kaolinite. .

Mineralogy knows two other indisputable mmera.ls with the same
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formula as kaolinite, but with different optical properties and a slightly
different ecrystal structure, viz. dickife and nacrite (Ross and KErgz,
1931). Dickite is not particularly rare, but nacrite must be considered
as a mineralogical curiosity. In examining ceramic clays the possibility
of dickite being found should be taken into consideration. Hitherto
however dickite has not been found with certainty in clay fractions
of soils. Only AnrrPov—KarATAEY and Bruwovskir (1936) suppose
that they have shown dickite in & number of soils. A further confirma-
tion of these finds is necessary, before the point of view accepted in
Western Furope and America, that dickite is not a result of surface
weathering but of a hydrothermal process, can be given up.

The X-ray photograph of dickite (GRUNER, 19326; Ksanpa and
Bartr, 1935) and that of nacrite (GRUNER, 1933) differ sufficiently
from that of kaolinite to allow of an unambiguous identification of the
minerals themselves.

Halloysiteis a clay mineralin a narrower sense, which in contrast to the
other clay minerals hag a very limited stability. Above 50°, and in vacuo
already at room temperature, it loses two molecules of water and passes
into an isomere of kaolinite, called meta-halloysite (HorMany, ENDELL,
Wiry, 1934). Even in water by heating at 100° the transition takes
place (MEaMEL, 1937). The occurrence of this phenomenon has a
great influence on the possibility of identifying the minersl in clay
fractions. Nearly all clay fractions have been dried in the course of the
preparation, often at 105°; in this way halloysite, if present, is trans-
formed into the metahalloysite which resembles kaolinite.

It must be remarked that, before the above-mentioned discovery,
by halloysite was meant an isotropic gel-like kaolinite (Ross and
KErr, 1934). After the application of X-ray analysis such a rough
definition has no longer any sense and the name of halloysite is reserved
by most authors for the mineral with the properties found by the
German investigators. It is however to be understood that in the lite-
rature there is a great confusion on this score, because some of the
properties attributed to halloysite have been determined on true halloy-
site, some on metahalloysite (dried preparations) and some on fine-
grained, seemingly amorphous kaoclinite, The optical properties of
halloysite and metahalloysite have been disoussed by CorrENS and
- MEBMEL (1936). '

Acocording to the structure analysis of MerMEL (1935) true halloysite
has the formula Al,0,.2 §5i0,.4 H20 or Al, (OH)4.8i,0, {OH),, therefore
an ordered mixed gel. .

Henpricrs (1938a) suggested & different structure for halloysite.
It his opinion sheets Al S1305(0H),1 are separated by waterlayers.
Further he calls halloysite what MEEMEL calls metahalloysite and he
uses the term “hydrated halloysite for MERMEL’s halloysite. This
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exchange of names must inevitably lead to further confusion.

The X-ray photograph shows a diffraction line at 10 A, which, after
drying of the material, has disappeared; a new line appears at 7.4 A,
belonging to the photograph of metahalloysite. For the other diffe-
rences in the photographs of halloysite and metahalloysite we refer to
MeumrEL (1935, 1938) and to HENDRICKS (1938a).

Most of the halloysites occurring in nature have already been partly
dehydrated, owing to which both the interferences of halloysite and
those of metahalloysite occur on the X-ray photograph.

The coloid-chemieal properties of halloysite are still little known,
partly because here too the confusion halloysite — metahalloysite
has played a part.

The course of the dehydration of halloysite is characterized by the
loss of lattice-water at low temperature.

e. The montmorillonite-groun.

This is the most important group of the clay minerals in a narrower
sense, owing to the frequent occurrence of the minerals belonging to
this group as well as to their significant colloid-chemical behaviour.

To this group are usually reckoned montmorillonite, beidellite and
nontronite. There iz not yet any complete certainty as regards their
composition. Most investigators write the formule in this form:
AlSi,0,,(0OH ), nH,0, in which part of the aluminium can be replaced
by magnesium and according to some authors (e.g. MARSHALL, 19355)
part of the silicon by aluminium. Others {e.g. Krgr, 1932) think thet
the formula should run: Al,0,MgO.58i0, H,0.nH,0, which however
cannot be written as a “mica‘‘ with the structural group 8i,0;. Further
a number of analyses also show calcinm and alkali, usually also repre-
sented as replacers of aluminium, which however seems improbable.

The difficulties connected with the formula can be reduced to diffe-
rent causes: 7

1. Many of the preparations used were not pure. .
2. The exchangeable bases have not always been taken into account
as such. -

« 3. Montmorillonite always consists of very small particles, of which
the real composition, as bas been said on p. 11, may deviate
considerably from the ideal composition.

One would have to know the import of these three possibilities,

, before being able to judge how far the composition can vary by iso-

« morphous substitution, so that for the present the knowledge of the
composition of montmorillonite must be considered as still insufficient.
Beidellite is taken to be a mineral with the composition Al,0;.3 8i0,.
H,0nH,0, and nontronite is the corresponding ferric compound.
These two minerals, as some say, form a complete isomorphous series






