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THE RELATION OF MINERAL COMPOSITION OF, THE CLAY FRACTION 
TO THE STRUCTURAL CHARACTERISTICS OF SOME DESERT SOILS

INTRODUCTION '

The low rainfall and high mean annual temperature of 
the arid regions have in many areas produced unleashed, 
alkaline soils low in organic matter and rich in bases.
Such soils under irrigation may have a high level of fer
tility and yet be relatively unproductive. Though the sup
ply, quality and availability of water is the limiting fac
tor in arid regions, certain physical soil factors, and 
particularly structure, influence its availability and have 
therefore caused structure to become one of the most seri
ous problems in Southwestern agriculture.

Good soil structure is easy to recognize in the field, 
but very difficult to describe in words. It has been vari
ously defined by different authors.

Shaw;(55): v
A term expressing the arrangement of indi

vidual grains and aggregates that make up the 
soil mass. The structure may refer to the ~ 
natural arrangement of the soil when in place and 
undisturbed or to the soil at any degree of 
disturbance. The terms used indicate the char- ... 
acter of the arrangement, the size and shape of 
the aggregates, and in some cases may indicate 
the consistence of these aggregates.
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Stephenson and Marquardt (58): . • ■ - :
The arrangement of particles in contradis

tinction to texture, which Is determined by the 
size of the alternate soil grain. Texture is an 
important factor but by no means a controlling 

, factor in.soil structure. ...
Downes and Deeper (10):
.. ' ' : ' - ... . . . T . "  - '........ - - V

The particles of sand, silt, clay and v
organic matter into which a soil may be separ
ated are ar^nged in nature to form composite 
units or aggregates. It is this arrangement 
which is called the structure of the soil.
Nikiforoff (35): :

The term "soil structure" denotes an ar- 
rangement of the soil material into aggregates 
in which the primary particles of such a ma
terial are held together by ties stronger than 
the tie between adjacent aggregates.
Zobler and Eardos (6k):

Under the influence of certain chemical 
and physical forces, discrete soil particles 
aggregate to form definite units characteristic 
of the environment. The end product of this 

_ process is soil structure. • y
, Baver (3 ) - ' - - ■ ■■-' " ■ :;l

The very fragments or clods into which the 
soil breaks up.
Kubiena (28):

The term "structure" in the agricultural 
sense means the "general appearance of the soil, 
as consisting of crumbled or flocculated aggre
gation, or in the opposite case, as lacking in 
such complexes. Microscopic investigation shows 
the term "structure" used in this sense describes 
only the microscopic appearance of different 
fabric relationships which show in microscopic di 
mensional pictures other than the conjectured 
"crumb" or "single grain" arrangements.
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^  ^  thedes f initi6h^ of
soil structure are descriptive and as such are not easily 
expressed" quantitatively "by any specific' measurement or"-" 
number. A desirable 'structure would" be one in which the;r
soil fragments consist of'aggregates of primary -particles 
bound together by some ceirienting agent derived "from the -

V*..soil , such as colloidal clay , organic- colloid ; fungal myce^ 
lia, microbial gums' or gelatinous hydrated oxides. : These
aggregates should" be large enough to give optimum root and 
air penetration, but small emough to'permit the soil to
hold water byi capillarity.: -"•By,'i "flocculation^ is meant the 
binding;- together of ultimate colloid :particles by:: weak-bonds 
through: the ̂ neutralization of they charge " to it s--iso-eleo trie 
point. The term "aggregation? or:"granulation" wi11 be used
to designate the binding- together ofythese-flocculated ma
terials by: some: cementing agent. Good-;granulation is a -,;
necessaryyprerenuisite toygood structureandsunder such > 
conditions water penetration,iroot extension,•- aeration, and 
tilth are • at:an:optimum. 1: * ,r - .. ' . i ,  : =
:'u::: .. hydroxyl ion at:Aowjconcentrations: has; a., dispersing-
effect on the negatively charged colloidal; clay..- ■The.exr , 
e.ellent structure -forming properties of organic matter, are, 
largely lacKj.ng' in desert soils.. The- exchange: complex, 
of ;these;soils;is, as.a rule, saturated, with sodium,.
V O u * •; Cf: . C : A JL.

-.rr.r. - w .

r \
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potassium, magnesium, and calcium ions present in varying 
amounts. None of these ions has as high a flocculating 
power as hydrogen ion which dominates acid soils; Sodium 
and potassium clays hydrolyze to such an extent that their 
tendency to flocculate the colloid by neutralizing the 
negative charge of the complex is outweighed by their ten
dency to disperse the colloid by way of hydroxyl ions formed 
in their hydrolysis. The hydrolysis of sodium clay may be 
written as follows:

NaZ + H O E — »Na~+ OH"* HZ
Soils high in exchangeable calcium and magnesium are 

flocculated. Exchangeable sodium and potassium ions lead 
to a dispersed condition when they are present in the ex
change complex in a proportion greater than 15 per cent.

There are cases, particularly in soils with only a • 
medium clay content, where the mere flocculation of the col
loidal material by an electrolyte, such as a calcium salt, 
is sufficient to convert a soil of unsatisfactory tilth 
into one of good tilth. In other oases, usually in heavy 
soils, it is impossible to obtain such flocculation by any 
practical treatment yet devised. It is true that floccula
tion is not true granulation, but it is undoubtedly a neces
sary first step before granulation can take place. Once 
the dispersed condition of a soil is overcome, water-, 
root-, and air-penetration can take place. The beneficial 
effects of alternate wetting and drying, microbial activity.
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and root development in the soil can then be brought into 
play to produce a water-stable structure.

The clay minerals are the dominant materials of shales 
and other surface rocks, and hence are among the most im
portant structural materials of soils. They are formed as 
the end-products of weathering of a wide variety of rooks. 
Clays are the characteristic materials of soils and play a 
fundamental role in the physical and chemical properties of 
soils and of soil fertility.

This investigation concerns itself with a study of the 
colloidal clay minerals of the soils of arid regions and 
their relationship to soil structure.
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LITERATURE REVIEW

In 1927 0.8. Rosa (45) showed the colloidal' clay to 
consist of well-defined minerals of definite crystal struc
ture. His petrographic studies could not explain the nature 
of the base exchange reaction nor the influence of the na
ture of the clay on this phenomenon in its relation to soil 
fertility and tilth. However, this work stimulated research 
on the nature of the mineral soil colloids; X-ray analyses, 
electron micrographs and other determinations have yielded 
conclusive evidence that the clay fraction of soils is com
posed of crystalline minerals of plate-like structure as 
shown by Grim (14). Ross and Kerr (47) classify the clay 
minerals into three groups: (a) the Kaolinite group, which
exhibits low base exchange capacity and shows but little ad
sorptive power for water and hence no swelling; (b) the 
Montmorillonite group, the members of which have a high base 
exchange capacity, high water absorption, and therefore a 
high degree of swelling; and (c) the Illite group, which 
has about one-third the base exchange capacity of montmoril
lonite, exerts only siight swelling, and is characterized 
chiefly by its content of non-exchangeable potassium.

It has long been recognized that tilth and structure 
are definitely associated with the colloidal fraction Of 
the soil. Downes and Leeper (10) find in their studies of
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English soils that if there is m o r e  than a small amount of 
dispersed clay-present, : the soil is sticky when wet and ; 
forms large, hard clods when dry. E.W., Russell (51) states 
that crumbs or aggregates formed by drying a soil or clay 
paste are harder and larger when the paste was dispersed 
than when flocculated. He further found that the dependence 
of the water-stability of crumbs on the state of floccula
tion of the paste from which they were derived seems to be 
that if the soil paste is flocculated, the crumbs formed on 
drying are water-stable in the sense that they will not re
vert to a paste on re-wetting. If the crumbs are not water- 
stable in this sense, they must have been derived from an un
flocculated paste. Water instability in this sense occurs 
mainly on alkaline soils containing appreciable quantities 
of sodium carbonate or exchangeable sodium. : :
: • Soils and. clays form unstable crumbs only if they are 

saturated with highly hydrated cations. A sodium soil al
ways gives crumbs that break down to a paste,— and this 
occurs more easily than in the corresponding potassium- ■ . 
saturated soil. Any condition which reduces the electro- 
kinetic mobility of Idle clay particle increases the water- 
stability of the crumb. These deductions are in agreement 
with the theory of Russell (50) concerning the mechanism 
of aggregate formation in which he postulates that every 
cation and soil particle is surrounded by an envelope of 
oriented water molecules, and such orientation manifests



8

itself as an apparent adsorption or immobilization of water 
by the clay. If two surfaces are being held together by 
oriented liquid molecules, the cohesive force is greater 
the shorter the chain of connecting molecules. In other 
words, the greater the degree of hydration of the cation or 
anion (in this ease the clay particle), the smaller will be 
the cohesive force and the greater will be the dispersion.

Considerable work has been done by McGeorge (33) in 
the Southwest on the effect of a flocculating ion such as 
calcium on the soil, as in the use of gypsum. This has met 
with some success in the reclamation of alkaline and saline 
soils where the concentration of sodium ion in the base ex
change complex was high. In theory, a higher degree of ag
gregation and flocculation could be obtained if it were 
possible to change a highly hydrated clay complex into one 
with a lesser tendency to adsorb water and hence a lesser 
tendency to become dispersed.

Robinson (kk) in his work on the soils of Arizona put 
forth two findings which are of interest in this connection: 
(1) The minerals of the colloidal clay of Arizona soils con
sist dominantly of montmorillonite and illlte. (2) Corre
lation between physical properties such as structure and 
permeability indicate that soils of poor structure are high 
in montmorillonite. Moreover, one soil known to respond to 
gypsum treatment was dominantly illitio to the extent of 
65 per cent. 1 i..._
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v  A close relationship has been found to exist between 
montmorillonite and iHite-like m i n e r a l s P a g e rand Barer 
(39) in their investigations on potassium fixation eame to 
the conclusion that potassium was fixed by layer-like 
minerals such as montmorillonite. Potassium, haring a co
ordination number of 12, becomes bonded to six oxygen atoms 
on each of two adjacent montmorillonite layer packages;
The bonding is strong enough to be considered crystal-r . 
lattice bonding, and the result of this bonding is an illite- 
like mineral. /, - t : ..

Grim and his co-workers (1A, 15, 16, 17, 18) described 
illite as being of low plasticity, low water of hydration, 
low base exchange capacity, and existing naturally in : 
larger particle size than montmorillonite. His observations 
were explained by Hauser (19) who found that montmorillonite 
swells excessively with the addition of water while illite 
does not. He explains this by the fact that the potassium 
is fixed in the plane of swelling of montmorillonite to form 
an illite-like mineral. The strong bonding by potassium 
prevents the lattice from swelling upon the addition of 
water. This circumstance explains the low base exchange 
capacity and low degree of hydration of illite previously 
mentioned.

Grim and Rowland (17) have shown that the illite-like 
minerals are mixed layers of muscovite and bravaisite with 
montmorillonite, that is, minerals of the montmorillonite
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group are commonly dominant In these minerals. The evi
dence seems to indicate that these are not specific or in
dividual minerals but "mixed layer" minerals varying in 
composition from pure montmorillonite to pure "hydrous 
mica" with a "fixed" potassium content of 6 per cent K2O.

Grim, Martin and Hoagland (301 Overstreet, Joffe and 
Levine (24), Trupg and Jones (59), and Volk (61) have all 
found that illite-like minerals can be formed by the treat 
ment of montmorillonite-like minerals with potassium. II- 
lite theoretically has the ability to produce favorable 
structure in desert soils more than does montmorillonite. 
It therefore seemed desirable to make a further study of 
the relationships between the two dominant clay minerals 
in Arizona soils.
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FOBPOSE M D  PIAN OF; THE INVESTIGATION" -

Investigations by Bradfleld and Jamison (5), Hendricks 
and Alexander (21), Edelman (11), Marshall (31), Ross and 
Hendricks (46), and Grim (14) have shown that almost all 
of the essential properties of soils are directly or indi
rectly linked up with the colloidal phase. Such important 
processes as flocculation, permeability, plasticity, shrink
age, misture-holding capacity, fixation and availability 
of plant food elements, and base exchange are functions of 
the colloidal fraction. Since desert soils are tradition
ally low in organic matter, these properties must therefore 
be ascribed largely to the colloidal clay fraction.

This investigation is a continuation of the study of 
the clay minerals of Arizona soils which was started by 
Buehrer and Robinson and published by Buehrer, Robinson and 
Deming (9).

The mineral composition of a selected group of clay 
colloids was obtained from differential thermal, hydro- 
thermal, base exchange and fixed potassium determinations. 
Ferric oxide, known to be a strong cementing agent in aggre
gate formation, was determined to see if there is a signifi
cant amount present in the colloidal clay fraction. Swell
ing studies were made to determine what correlation, if
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any, exists between degree of swelling and the mineral com
position. of the colloidal fraction. Clods from selected 
soils were impregnated with a plastic in order to:make pos
sible the cutting and photographing of undisturbed sections 
for microscopic study of the nature and magnitude of the 
pore spaces.

To gain a better understanding of the behavior of the 
clay minerals, it was decided to construct crystal lattice 
models of a few typical minerals.

As far as possible, an attempt was made to correlate 
mineral composition with structural behavior in the soils 
studied. Special consideration was given to two "slick 
spot" soils in the Chandler and Phoenix areas of the Salt 
River Valley.

A study of all phases of structure formation in arid 
soils is beyond the scope of the present investigation.
This study involves determinations of mineral composition, 
swelling, potassium fixation and free iron oxide content of 
the colloidal fraction in the hope that the results corre
lated with past and future structure studies may throw 
further light on this complex problem.



CONSTRUCTION OF CLAY MINERAL CRYSTAL MODELS

In studying the physical and chemical properties of 
clay minerals as influenced by their atomic structure, it 
was desirable to construct and make use of models of these 
mineral lattices. The use of schematic diagrams alone is 
unsatisfactory since it is impossible, to obtain a complete 
three-dimensional picture;from a two-dimensional diagram. 
Even when one. has h a d :considerable experience in "thinking 
in three dimensions," it is no easy matter to visualize a 
complex structure by studying a diagram in two dimensions. 
Models of the minerals under investigation in this paper 
were therefore constructed.

It is now quite clearly established that atoms in 
crystals behave asrif they were rigid or semi-rigid spheres 
in contact with,each other. The radius of such a sphere is 
constant or very approximately so, in all cases in which the 
atom has the same electronic state and coordination, but 
differs with a change of Internal and external conditions.

While atomic models are largely restricted to show the 
symmetry and point positions and convey no idea of relative 
atomic radius, they nevertheless have the advantage of 
showing the structure of the olay minerals in their complete 
form. Close-packed models show only the outside structure



of the mineral. and the inside structure can be studied 
only by removing the outer layers.

It was therefore decided to construct atomic models 
in an "open structure" in which the distances between 
atomic centers would be to scale, but the spheres repre
senting the atoms somewhat smaller to enable their, spatial 
arrangement to be seen readily. The models of kaolinite 
and montmorillonite are shown in Plate.1. The inter
atomic distances are proportional to the inter-atomic dis
tances of the true mineral. The scale is 1A = 1&" and 
applies to the inter-atomic distances only. Cork fishing 
bobs were used to represent the various atoms comprising 
the crystal lattice. The relatively small atoms such as 
silicon, aluminum and magnesium are represented by balls 
1&" in diameter, and the larger oxygen and hydroxyl ions 
by balls 2" in diameter. It is obvious that these dis
tances will not represent the true proportion between the 
atoms. For structural rigidity it was desirable to make 
the small atoms at least 1&" in diameter. If the large 
atoms had been made proportional to the small ones and an 
open-packed model had been constructed, the models would 
have been ten times as large and hence very inconvenient 
to handle.

The balls were first dipped in "Synolac Industrial 
Lacquer" to insure greater rigidity, the cracks filled with 
plastic wood paste and sanded to give a clean surface.

14
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Each hall was then dipped in "Duco" enamel of the color de
sired. Black represented silicon; yellow, aluminum; green, 
magnesium and other substituted ions; red, oxygen; and 
blue, hydroxyl.

The various angles and inter-atomic distances were 
calculated from Bragg *s (6) schematic models on the basis 
of geometrical considerations as shown in Figure 1.
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I.60A

UOA
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(a ) C R O S S -S E C TIO N  OF  
M O N T M O R IL L O N IT E  L A T T IC E  IN A-C PLANE

Si

Oxygen

(b )  C A LC U LA TIO N  OF ANGLE 6  B E TW E E N  
Si ATOMS A N D  PLANE O F OXYGEN A TO M S

( c r  C A L C U LA TIO N  OF D ISTA N CE BETW EEN C E N T E R S  
OF A L U M IN U M  AND OXYGEN A TO M S

Figure 1. Schematic Diagrams for Calculation of 
Interatomic Distances and Angles between 
Coordination Bonds in Clay Mineral Structures
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First consider the tetrahedral grouping ABGC1 in the 
mica. The distance 1.60 A "between the silicon atom and the 
oxygen at A  is the true length of the silicon-oxygen bond.

The oxygen atoms at B,.C, and C ' are all in one plane. 
Consider the triangle which would be formed by the follow
ing lines: . ....
(1) the line from a silicon perpendicular to plane BCG*at D; - - - y
(2) the line between the silicon atom and the aggregate B ‘

(or 0 or 0*); and • ,
(3) the line from B (or 0 or C ’) to D.

Sin e >59
..60 .3687

 ̂ 9 = 210 38’ . . ,, 
Therefore the angle of any O-Si-O linkage « 90 + 21° 38*

.... . ■ - 1110 38'.
Angle of any Si-O-Si linkage - 136° 44*.

' ■ ■ • - ■ : - - n : ;  r ; ---

All magnesium, and aluminum octahedral linkages are at an 
angle of 90° to each other: in other words,'• ' • ; ■ ■■ - • : ' - ■’ : ■  ̂ '.C
A1-0-A1 = 90° and 1%-0-Mg . 90°.

: j i
: 1

The triangle formed by a line from the aluminum atom 
perpendicular to the plane determined by ALM, the line from 
this point on plane A M  to an oxygen atom^ and the line 
joining the oxygen and aluminum atom is a 30° right tri
angle. By the same reasoning, Mg-0 linkage „ 2.1A 

All %-0-Si linkages » 90 + 30 » 120° 1 
All Al-O-Si linkages « 9 0 + 3 0  * 120°.
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Templates were constructed for use in conjunction with 
the drill press for drilling the holes at points conforming 
to desired angles (Figure 2).

R = radius of ball; r = radius of circle drawn through 
any three of the four points of bonding.

Three points can be located at A, B and 0 on the tem
plate. The remaining point D is obtained by placing the 
template so that it lies on only two of the original points. 
The remaining point of the template will be on D.

When the point of entry is located, ball is placed in 
a template as shown in (b) (r = 2 for OH, 0; r = 1 3/4 for 
Al, Si, Mg). Fasten a rubber band between the nails at P 
and M  and one between the nails at N and 0. Locate 0 so it 
lies at the point of intersection of these bands when they 
are snapped. If the drill is then brought directly down on 
point C, it will be drilling toward the center of the ball.

To drill holes at 90° to each other as is required in 
the case of aluminum , it is not necessary to mark the ball 
previous to drilling. Place ball firmly in the template, 
the point of intersection of the rubber bands will arbi
trarily locate the first hole which is drilled clear through 
the ball. Remove the M i l  and place wooden pegs in the hole. 
Replace M i l  in the template with the pegs resting in 
grooves A and B as shown in Figure 2. The point of inter
section of the rubber bands will locate the next hole which 
will be at 90° to the first. Wooden pegs are then placed



— R

(a) TETRAHEDRAL TEMPLATE 
(ACTUAL S IZ E )

PLAN ELEV.
(b)OCTAHEDRAL TEMPLATE 

(ACTUAL SIZE)

Figure 2. Templates vised ih the Construction 
of Mineral Crystal Models
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in this hole also. Eeplae® the hall:in the template with 
the four pegs resting in grooves A, B, 0 and D. The last 
point of drilling is located as before. The end product 
gives the desired octahedral configuration;-

An aluminum rod 3/16" in diameter was used for <x>n- 
necting the balls. The use of cork and aluminum thus re
sulted in light, rigid structures which.retain their; con
figurations accurately while in use. For permanent con
struction the rods can be cemented in the holes by means of 
a cellulose acetate cement. - v"

Observations
The lower two layers of kaolinite are common to the 

montmorillonite lattice. The third layer and the fourth 
layer of the montmorillonite lattice are the mirror images 
of the second and first layers. In montmorillonite, the 
second and third layers of negative ions are common to both 
the octahedral and tetrahedral sheets. ;;

The illite-like minerals are represented by placement 
of potassium ions between the silica layers of adjacent 
layer packages of montmorillonite.

The sheets can be used interchangeably to;construct 
several groups of clay minerals. Variation within the 
mineral groups can be easily shown in most; cases. Isomo- 
phous substitution is represented by changing the color of 
the sphere representing the cation. Thus differences
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between groups and laomorphous substitution can be easily; 
demonstrated.

,The following facts could be better shown on close- 
packed models, but are evident in the atomic type structure.

(1) The "close packing" of oxygen atoms occurs along 
the 0 axis only. The lower sheet of the tetrahedral layer 
is close-packed only in the sense that each oxygen atom is 
in contact with four other oxygens, forming a complete 
hexagonal network. The other two sheets making up the ka- 
olinite type mineral and the two center sheets of the four 
in the montmorillonlte type mineral are not close-packed. 
That is, the oxygen atoms and hydroxyl groups are not in 
oont act.

(2) The relative sizes of the ions as represented by
Pauling (40) cannot be used in all cases. As Weir, Steckel,
Fried and White (62) put it: ,

If an attempt were made to build models to 
scale using values from the table of ionic radii, 
it would be found that the cations may not be the 
correct size to fit into the compact structure.

For example, considering the radius of oxygen as 1.40 A  and
# ' " ' : ' - ' ' ' * 'silicon .41 A, the silicon atom would be too large to fit

into the center of a compact tetrahedron made up of four 
oxygens. This implies that either the force field repre
senting the atomic size is not spherical, or that the ion 
involved does not have the same size in the clay mineral as 
it had in the compound in which its size was originally de
termined. ' ' - " " 'v
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The inter-atomic distance between oxygen and silicon 
in mica has been calculated by Bragg to be equal to 1.6 X 
instead of 1.81 1, vdiich Pauling’s calculations show. The 
so-called size of an atom is affected by the complementary 
ion, the type of valency and environment (M>K Thus it ~ 
follows that an aluminum ion in the octahedral layer does 
not have the same size when it is present by substitution 
in the tetrahedral layer. The Al-0 inter-atomic distance 
in octahedral configuration is 2.2 A, whereas in the t etra- 
hedral configuration it is only 1.66-1.76 A; Aluminum has 
a different coordination number, 6 in the octahedral and 4 
in the tetrahedral layer. Also in the tetrahedral layer A1 
is surrounded by four oxygen atoms, all of which exhibit 
close packing, that is, they are'in contact with each other. 
In its normal position in the octahedral layer it is sur
rounded by four oxygen and hydroxyl ions, hone of which are 
in contact with each other;

Kaollnite exhibits a 1:1 non-expanding crystal lattice, 
a low base exchange capacity, low degree of dispersion, and 
small amount of adsorbed water. For the most part this can 
be explained by the strong 0-QH bonding which is materially 
stronger than the 0-0 bond in montmorillohlte. Kaollnite 
is also unsymmetrlcai and has no isomorphous substitutions 
within the lattice. It possesses mineralogieal properties
according to Ross and Kerr (47) as follows:

White to light brown in color, elongated crystals with
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a twisted worm-like form. Specific gravity 2.6, cleavage 
perfect in the basal plane. Index of refraction «* * I.56O, 
A m  I.565, = 1.566. Birefringence .006, optical charac
ter negative, acute bisectrix, nearly perpendicular to the 
cleavage planes. A  result of profound weathering of alu
minous rocks, commonly granites and pegmatites. Present 
mainly in southern and southwestern United States where the 
weathering and oxidation are very deep.

Kaolinite exhibits only a slight tendency to form 
water films on the flakes and for the individual flakes to 
attract each other. Halloysite is very similar to kaolinite, 
the only difference being that it contains four more water 
molecules attached to the lattice, and has a unit lattice 
population of A l ^ ( O H ) (O H ) 0 instead of 
Al^Si^ (0 y  OH)g q as in kaolinite.

The montmorillonite group of minerals includes the 2:1 
lattice minerals of both the expanding and non-expanding 
type. The non-expanding type includes talc and pyrophyl- 
lite. The expanding type includes montmorillonite, beidel- 
lite and nontronite. All are composed of two silica sheets 
per alumina or magnesia sheet. The water content is com
monly 20 per cent or more in air-dried samples of the mont- 
_ . ■ ' ■ - .. . ■ . ■ • . 
morillonite-beidillite group. They are held together by
weak 0-0 bonds between the lattices and are easily dis
persed. The expanding lattice makes possible a good deal 
of water adsorption and a high base exchange capacity.



These minerals seem to he completely isomorphous with each 
other and isomorphous substitution into the lattice is com
mon. They have a perfect micaceous cleavage; specific 
gravity 2.0-2.1, low indices of refraction 1.48-1.51, and 
a birefringence .about 0.03.

Illite, a potash-bearing clay, is an intermediate 
product in the process of soil formation. It may represent 
an important intermediate between montmorillonite and ka- 
olinite; at least its reactions and properties in the soil 
are intermediate between those of kaolinite and montmoril
lonite. It has a low water content and ,1s high in bases.
The potassium atom between the lattices is responsible for 
both of these properties, since potassium does not allow ex
pansion of the lattice to take up water as in the ease of 
montmorillonite. The specific gravity of illite is 2.5, 
index of refraction 1.53-1.565, and its birefringence is 
moderately high, 0.02-0.03. In illite there has been con
siderable replacement of silicon by aluminum, and of alumi
num by iron and magnesium.

Potassium, because of its size, cannot penetrate into 
the open hexagonal spaces of the oxygen layer of the silica 
sheet. It is therefore held between the oxygen layer of 
one package and below the oxygen layer of an adjacent pack
age, binding these two packages together. .

Illite occupies an intermediate position between ka
olinite and montmorillonite in its ability to become dis
persed.

22
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EXPERIBfflNTAL BESUETS , .

Methods used for Determination of Hydrothermal 
Curves .""Diff erential ^keraal Curves, Base 

Exchange Capacity and fixed Potassium
The differential thermal and hydrothermal analyses of 

Arizona colloids made by Robinson (44) correlated with data 
on base exchange capacity and non-exchangeable potassium 
have shown montraorillonlte and illite-like minerals to be 
the two dominant constituents of the clay fraction of these 
soils. Kelly and his co-workers (26) in their X-ray 
studies of California colloids found a rather high kaolinite 
content in some soils. Since kaolinite is supposed to be a 
product of rather intensive chemical weathering, it is 
somewhat surprising to find this mineral present in appreci
able amounts in the arid soils of the Southwest.

Colloids were extracted and purified by the methods 
described by Robinson (44). The methyl alcohol used in 

•washing these colloids had previously been distilled over 
fused calcium chloride, and the initial distillate and 
final residue discarded in order to insure a pure product. 
The colloid samples so purified were humidified over 50 per 
cent sulfuric acid for two months. During this time the 
samples were stirred twice a week to insure reasonably uni
form moisture distribution throughout the colloid. Samples
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weighing 0.3500 grams were used in the differential thermal 
determinations. . :

Several of the determinations gave a very pronounced 
exothermal rise at 400° (Figure 3, curve 1) and in a few 
oases, at 800° (Figure 4, curve 1).

The rise at 800° occurred in seven of the darker col
loids from which the organic matter apparently had not been 
removed. These colloids were re-treated with sodium hypo- 
bromite to remove the remaining organic matter, and the 
colloids re-analyzed following one week of humidification. 
The resulting curve (Figure %, curve 2) shows that the exo
thermal rise at 800° had disappeared. This analysis clear
ly proves the possible presence of organic matter in such 
colloids. The low endothermal peak of the re-treated col
loid at 150° 0. was the result of the shorter period of 
humidification. .

The rise at 400° is an indication of the presence of 
carbonaceous material (57); however, when the samples were 
re-treated with dilute hydrochloric acid, no carbon dioxide 
was evolved. These samples were re-run following one week1s 
humidification. There waslittle difference in the curves 
except for a smaller initial water loss due to the shorter 
period of humidification (Figure curve 2). :

The samples were then washed four more times with al
cohol to remove any acetate which might; still have remained 
in the colloid. Re-analysis showed,the exothermal rise to



have been considerably reduced, but not entirely removed 
(Figure 3* curve 3). The colloids were then washed two more 
times In alcohol and analyzed once again. There was no drop 
in the exothermic peak from the previous run (Figure 3, 
curve 4), so it was assumed that all of the acetate ion 
that could be removed had been removed in the previous 
washings. The exothermic rise was probably due to calcium 
acetate which was not removed from the colloid entirely by 
washing, and which decomposes at this temperature to form 
acetone and calcium carbonate.

These alkaline soils should have little or no hydrogen, 
ion on their base exchange complexes even after the treat
ment of the colloids with the dilute hydrochloric acid used 
for removal of carbonates. It should, therefore, be un
necessary to treat the colloid with the calcium salt of a 
weak acid to obtain complete saturation of the colloid with 
calcium. This was the only purpose for using calcium ace
tate as the saturating solution in the preparation of the 
samples. Chlorides are easier to remove by washing, so it 
was deemed advisable to use calcium chloride as the satu
rating salt in all future work on alkaline soils. It has 
the advantage of the presence of chloride ion which can be 
easily tested for in determining completeness of washing.
In the study, however, only the twelve colloids from the 
"slick spot" areas of Chandler and Phoenix were prepared by 
the calcium chloride treatment. All other samples were

25
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treated with oaleiua aeetate.
The sharp exothermic peak obtained at 970° ty many in

vest igatora in studies of this type (44, 47) did not show 
up in any of these determinations exoept where kaollmlte 
was present. This peak is very strong for kaolinlte but 
has often been found by investigators in minerals other 
than kaolinlte.

The value of the differential thermal analysis lies 
primarily in the fact that it gives a qualitative indica
tion of the minerals present. In this investigation, the, 
primary purpose of the analysis was to detect the mineral 
constituents present in the colloidal clay samples, these 
results to be used in correlation with those of hydrother
mal analysis. . . .

Kelly and his co-workers (27) and Ross and Hendricks t 
(46) have shown that the water loss of minerals between the 
temperatures of >00° and 1000° 0 . represents the "assential 
water" lost during the break-down of the clay minerals.
It was found, and examination of the mineral models 
(Plate 1) shows, that this loss is about 5 per cent for 
montmorillpnite and illite, respectively, a n d .14 per cent 
for kaolinlte. A pure colloid with all salts and organic 
matter removed should have its entire loss in weight upon 
heating accounted for by loss of water. Any amount of this 
loss between 300° and 1000° in excess of 5 per cent should 
therefore indicate the presence of kaolinlte. This method
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does not take Into account any free Iron oxide which might 
be present in these soils. These oxides are hydrated and 
might give misleading results if they were present to any 
extent. The free iron oxide determination will be dis
cussed in a later section of this paper. The highest iron 
oxide content obtained for any of these colloids was 4.79 
per cent, emd this might cause kaolinite to be reported in 
excess of its true value. -

The calcium acetate present as an impurity, as shown 
by the differential thermal analysis, will give high values 
for the weight loss in the hydrothermal -analysis due to the 
driving:off of acetone and carbon dioxide. Such excess of_ 
"water" loss would be calculated as coming from kaollnite, 
while.the differential analysis on the same sample might 
show no kaollnite whatever to be present. For this reason 
both hydrothermal and differential analysis had to be taken 
into consideration when percentage water loss was calculated. 
When the differential thermal analysis showed a pronounced 
exothermic rise at 400° 0. and did not show any kaollnite 
to be present, it was assumed that kaollnite was not present 
even though the hydrothermal analysis gave a crystal lat
tice water loss of over 5 per cent. In every case where 
this assumption was made, the (water) loss was not over 6 
per cent in the hydrothermal analysis. The "human factor" 
enters into this determination to some extent, but any error 
introduced by this factor will be less than 5 per cent.
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Fortunately, the few samples that did contain kaollnite 
did not show any adsorbed acetate, as shown by the differen
tial thermal curves in Figure 10. Hence there were no im
purities to be reckoned with in the calculation of percent
age of kaollnite present. It is interesting to note that 
kaollnite, which has a very low adsorptive power for cations, 
also adsorbs no acetate ions. The higher the montmorll- 
lonite content, the greater the adsorption of acetate. II- 
lite seems to occupy an intermediate position in this adsorp
tion. Hepre sent ativ e hydrothermal curves are shown in 
Figure 5, plotted according to the method of Ross and 
Hendricks (46).

Base exchange capacity determinations were made as out
lined by Robinson (44). Tubes with plastic screw caps were 
used, not only to prevent water loss, but also to facilitate 
the mixing of the contents with the replacing solution.
The final determinations consisted of distillation of the 
ammonia from the colloid and its titration with standard 
acid. Fixed, or nan-replaceable; potassium was determined 
in the purified colloid gravimetrioally as the cobalti- 
nitrite. The samples were prepared as described by Robin
son (44), and the determinations of potassium made by the 
procedure given by the ?.8. Regional Salinity laboratory 
at Riverside California (63)•
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Description of Soils Studied 
The colloidal clay fraction was extracted from 37 soil 

samples representing different horizons of a number of 
soils from the north-central part of the State, 2$ samples 
from areas in the southern portion, and 12 samples taken at 
two locations in the Salt Elver Valley. In the following 
list are given the data for the individual samples, includ
ing soil type, location and depth at which the samples were

/

taken.

Southern Section
Lab. : ' ' ' - ' ■ ; : ■

59 Dos Cabezas clay loam, 10*-22*, Freeman Flat, near 
Safford, Graham County

60 Cave stony loam, Zt*-l6w, located on ridge above Ho,
59, Freeman Flat, Graham County

61 Ramona sandy loam, 6n-18” , located on flat below 
Ho. 59, Freeman Flat, G r a M m  County

98 Ramona clay loam, eroded phase, 0"-8*, Freeman Flat, 
Graham County

99 Ditto, 8*-28"
100 Ditto, 28"-40"
70 Ramona clay loam, 6*,-14” , Beach Ranch, Helvetia Road, 

25 miles from Tucson _
' 71 Ramona sandy loam, 3”-12", Beach Ranch, upper fan,

Helvetia Road ,
72 Ramona clay loam, eroded phase,' 4W-17# , Beach Ranch, 

Helvetia Road
62 McClellan loam, 9"-24", Freeman Flat, Graham County
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63 Mohave gravelly loam, 5”-19", Tripp Canyon, Graham
County . ..

65 Mohave gravelly sandy loam, IQ ”- ! ? " , Tripp Canyon, 
Graham County

74 Mohave sandy loam, 4"-25", upper fan, above Teague, 
Graham County, Arizona

97 Mohave sandy loam, 4"-12", Teague, Graham County
64 Teague stony loam, 9"-25H, from one mile north of 

Ft. Thomas, Graham County
75 Teague stony sandy loam, 6”-15", Gripe, Arizona
66 Gila loam, 12”-19” , from City Farm, four miles north
- ~ of Tucson on Highway 84, Pima County
67 Gila loarn^ 5"-14", City Farm; same location as No. 66
68 Gila fine sandy loam, 7"-l6", upper fan of City Farm,Pima County ' .
69 Gila clay loam, 18”-36”, upper fan, City Farm, PimaCounty . . .
73 Cajon sand, 7"-46", from near St. Mary's Hospital, 

Tucson
76 White House gravelly sandy loam, 10"-23”, from Santa 

Rita Range Reserve, Pima,County
79 White House gravelly sandy loam, 8”-l6"» eroded phase, 

Santa Rita Range Reserve, Pima County
77 Sonoita gravelly sandy loam, i3”-26", Santa Rita Range

Reserve, P i m  County . ,
78 Comoro gravelly sandy loam, 10”-18", Santa Rita Range

Reserve, Pima County . ■

Soils from Central Section
123 McClellan clay, silted phase, 0”-12”, from Bartlett 

Heard Ranch, Sec. 30, T . IN, R .. 4®., slick spot, 
surface hardpan

124 Ditto, 12”-24"
125 Ditto, 24”-36”



126 McClellan clay, silted phase, Ow-6", same field but 
normal, productive soil of good permeability

127 Ditto, 6"-12"
128 Ditto, 12”-36#
129 Mohave clay loam, silted phase, 0”-12w , from Stanley 

Knox Remch, See. 28, R. 5E, T. IS., one mile north 
of Chandler; slick spot soil, very impermeable to 
water, stand of alfalfa poor

130 Ditto, 12"-24" ‘ r
131 Ditto, 2kn-36n

132 Mohave clay loam, silted phase, 0*-12", from same field
as the foregoing, Stanley Knox Ranch, but productive 
soil of excellent permeability; stand of alfalfa ex- 
oellent . • :.-v: _ . " .. . . ' ..

133 Ditto, 12"-2y
134 Ditto, 24"-36"

Soils from Northern Section
80 Aultman gravelly sandy loam, 0M-6", SEj; of Sec.

25, T. 14N, R. 42, two miles NV of Camp Verde* ,
Yavapai County, on sloping alluvial fan; highly cal
careous . r : ; ' : v::

81 Bertelson silt loam, 0"-6", NWi of NWi, Sec. 12, T.
12N, R. 4W, 0.7 mile NW of Kirkland, Yavapai County;

1 calcareous
82 Clemenoeau clay loam, 0”-7"» SW^ of NWi, Sec. 30, T.

14W, R. 1.5 miles NW of Camp Verde* Yavapai Coun
ty, on undulating fan, north of Verde River; Calcareous, 
heavy clay loam

83 Cordes silt loam, 0"-8", 3 miles north and & mile west 
of Dewey, Yavapai County; gently sloping alluvial fan

84 Foster silty clay * 0"-9" * SW^ of Sec. 14, T. 16N,
R* 5W, 0.1 mile west of. Long - Meadows Ranch, Yavapai 
County; calcareous, pH 8.4
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Lab.

102 Ditto, 9"-20”
103 Ditto, 20"r33"
104. Ditto, 33*-54"
105 Ditto, W - 6 5 "  •.
85 Hantz clay loam, 6tt-ll”, of SE^, See. 2, T. U N ,

R. 5E, b mile west of Waters Ranch* Yavapai County; 
calcareous, pH 8.4 .

86 Harvey silt loam, 0”-6”, SEi of m b .  See. 14, T. 16 N, 
R. 2Yf, li mile NE of Chino Valley Post Office, Yavapai 
County -

87 Lynx gravelly fine sandy loam, 10"-23", RE& of SWi, 
Sec. 26, T. 14N, R. 1W, 6 miles NW of Dewey, Yavapai 
County; old alluvial fan, non-calcareous

88 Mayer silt loam, 0"-10", of m b .  Sec. 11, T. 13N, 
R. IE, 0.6 mile SE.of Dewey, Yavapai County; ealcare-

;• OUS , ■ ■ ■ . . - , ' . ■ : ■ : ■
105 Ditto,;i9"-31"
106 Ditto, 31H-48tt ; ^
107 Ditto, 48»-62< - "
89 Mayer silty clay loam, O"-!", HW£ of SWi, Sec. 2,

T. 13N, R. IE, ^ mile HE_of Dewey, YavagBai County; 
gently sloping terrace, east of Agua Fria; calcareous

108 Ditto, l"-9"
109 Ditto, 1”-21« J
110 Ditto, 2i«-37”
111 Ditto, 37"-47"
112 Ditto, 47"-64"
113 Ditto, 64"-82”
90 Tapoo clay loam, 0«-13", SWi of Sec. 22, T. 16N, R.

3E, b mile east o f .Tuzigoot Rational Monument,
Yavapai County; highly calcareous
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Lab. ,
noj. ;
114 Ditto, 13"-21"
115 Ditto, 31n-42"
116 Ditto, 42"-64" -
91 Tapoo silty olay, 0«-5” , NEi of HWi, Seo. 34, T. 16N, 

R. 3D, £ mile east of Cottonwood Post Office, Yavapai 
County; calcareous silty clay

117 Ditto, 5"-17"
118 Ditto, 17"-33"
119 Ditto, 32”-41” : -

; 1 ■ •' ' • •
120 Ditto, 41"-50" :
121 Ditto, 50M-85.tt ' "} ; f - • '
122 Ditto, 85”-110”
92 Whipple, silty clay loam, 0”-4”, SW£ Of SW^, See. 15,

T. loN, R. 2W, § mile west of Chino Valley-Post Office 
Yavapai County; pH 7.3• ;

93 Yeager loam, 0«-4”, M i  of NEi, Sec. 27, T. U N ,  R.
IE, 3 miles north of Dewey, Yavapai County; non- 
caloareous loam

94 Yavapai sandy clay loam, 0 ”-3”, near center:of SWi, 
Sec. 15, T. 16N, R. 2W, 0.8 mile NW of Chino Valley 
Post Office, Yavapai County; pH 7.2

Of the above samples, Nos. 59-79 and 97-100 were kind
ly contributed for use in this investigation by J.E. 
Fletcher of the U.S. Soil Conservation Service. Nos. 80- 
94 and 101-122 represent samples taken in connection with 
a soil survey of the Yavapai County area, and kindly fur
nished for this investigation by Professor H.V. Smith.

The results of .physical and chemical analyses of the 
soils from the Southern Section are assembled in Table 1.



Table 1. Analytical Data for the Original Soils*

v\ /

la
b.

#

Se
ri

es

De
pt

h,
 i

n.
 •

Mo
is

tu
re

eq
ui

va
le

nt

tf\ oO  o  d •• • o d5 | ^
m i 5 To

ta
l 

so
lu

bl
e 

sa
lt

s,
 p

pm Mi’5
: i 

##
8 . Co

ll
oi

d 
%

ta§ f
59 Dos Dabezas

20.5Olay Loam 10-22 
60 Cave Stone

21 1 .63 8.05 1380 10.8 .93 13.9 4.55 5.54
Loam 4-16

61 Ramona
36.9 26 2.5 .62 7.25 1350 30.9 .83 34.6 4.3 .12

Sandy Loam 6-18 
62 MoLellan

10.5 9 0 1.75 7.8 219 7.1 .35 7.1 2.0 1.1
Loeun 9-24

63 Mohave Grav
29 3 .84 7.65 952 19.5 .6 18.8 2.6 2.5

elly Loam 5-19 
64 Teague Stony

3 0 1.42 7.65 335 11.9 .2 9.76 1.3 7.6
Loam 9-25

65 Mohave Grav-
28 2 .44 7.85 831 25.3 .4 26.3 3.3 4.9 ■

ally Sandy
Loam 10-17 17.3 17 2.5 1.42 8.05 260 11.9 .5 15 1.36 7.0

66 Gila Loam 12-19 35.4 44 0 .65 7.6 5612 25.1 1.7 29.8 2.4 3.767 Gila Loam 5-14
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♦The data in this table were kindly supplied by J.B. Fletcher
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Oaloulatioh of Mineral Composition of Soil Colloids
The data for the analysis of the colloids determined 

by the methods outlined in an earlier section are assembled 
in Table 2.

The method of calculating these quantities from ana
lytical data, as proposed by Buehrer, Robinson and Deming

■ " . . .. - : ' _ : ' ' ' ■ • ■ ■- ■ '

(9 ) is based on the following assumptions:
(1) That the colloids investigated are composed of

the three dominant clay minerals, montmorillonite, kao- 
linite and llllte. ^ ;

(2) That the entire non-exchangeable potassium content
in the colloids is present only in the illite, and that il- 
lite contains 6 per cent K2O, ; .  ̂ J vr:

(3) That the base exchange capacity of the colloids
is wholly attributable to the three minerals mentioned 
under (1 ). ’ " ; '

(4) That the base exchange capacity of montmoril
lonite is 100 m;e, per 100 gms., that.of illite, 3p m,e. ■
and that of kaolinite, 10 m.e. per 100 gms.

(5) That the weight loss between 300° and 1000° C. 
represents the "essential" or true crystal lattice water 
loss of: the colloid. F o r ;montmorillonite and illite the 
percentage is $, and for kaolinite 14.

Making the first four assumptions, Russell and Had
dock (54) estimated the mineral composition of their col
loids by using the base exchange capacity, non-exchangeable



Table 2. Analytical Data for Clay Colloids and Calculation of Mineral
Composition
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90
114115 
116
91

119120 
121 
122
98
99 100
76
79
77

Tapco Clay Loam
:  :
"

Tapco Silty Clay

Ramona Clay Loam<* . ,

Ihite House Crav- 
ally Silt Loam 
B , eroded 

Sonoita Gravelly 
Sandy Loam 

Comoro Gravelly 
Sandy Loam

0-13 - 59.06 2.69 5.9 45 45 10 100
13-21 * 64.52 2.41 5.8 52 40 8 100
21-42 65.00 2.22 6.2 53 37 12 102
42-64 59.00 1.91 7.0 50 32 20 102
0-5 71.70 1.97 7.0 59 33 20 112
5-17 72.60 1.90 7.1 63 31 . 20 114

17-33 74.90 1.86 7.0 65 31 20 116
32-41 73.70 1.72 6.9 65 28 19 112
41-50 72.50 1.88 6.8 63 31 18 112
50-85 73.00 1.80 6.9 64 30 19 11385-110 74.80 1.78 6.8 65 29 18 112
0-8 61.57 3.05 6.0 40 51 9 100
8-28 69.28 2.06 6.0 60 34 10 10428-40 61.80 2.46 6.7 49 41 15 105

10-23 38.11 1.80 ii.o 25 30 56 111
8-16 38.66 3.60 8.0 20 60 30 110
3-26 40.18 2.13 9.0 30 35 40 105

u>OJ

10-18 41.29 3.73 7.4 10620



Table 2
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59 Doa Cabezaa Clay Loam 10-22
60 Cave Stony Loam - 4-16
61 Ramona Sandy Loam 6-18
66 Olla Loam 12-19
67 ” 5-14
68 Olla Fine Sandy Loam 7-16
69 Olla Clay I^am 18-36
64 Teague Stony Loam 9-25
75 Teague Stony Sandy Loam 6-15
70 Ramona Clay Loam , 6-14
71 Ramona Sandy. Loam 3-12
72 Ramona Clay Loam 6-14
80 Aultman Gravelly Loam 0-6
81 Berteleon Silt Loam 0-6
83 Cordes Silt Loam 5-8
85 Hantz Clay Loam 0-11
86 Harvey Silt Loam 0-6
87 Lynx Gravelly Fine

Sandy Loam 10-23
92 Whipple Silty Clay Loam 0-4 
63 Mohave Gravelly Loam 8-20 
74 Mohave Sandy Loam 4-25

72.19 68.01 68.58 
68.79 70.66
59.75 
81.44
67.75 62.30 
49.52
48.19
61.47 
65.31106.52
58.99
85.07
65.43
69.47
63.43 
4.82 2.21

1.93
2.42
3.183.103.00
3.291.86
3.183.68
2.802.72
2.37
2.442.16
3.18
1.75
3.83
3.06
3.63
4.822.21

6.5 63 32 10 105
6.0 56 40 9 105
6.0 42 53 9 104
5.3 53 52 0 105
5.5 55 50 0 105
5.5 45 55 0 100
5.3 72 30 0 102
5.3 52 53 0 105
5.6 44 61 0 105
6.6 34 46 20 100
7.2 36 45 20 101
7.0 49 39 15 103
5.8 47 61 0 108
5.2 100+ 36 0 136
5.8 42 53 8 103
5.0 80 24 0 104
5.1 43 62 0 105
5.3 54 51 0 105
5.1 45 60 0 105
5.2 44 80 0 1245.2 69 37 0 106
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potassium and the comparative prominence of the 225° 0. 
endothermic peaks of the differential thermal analysis 
curves. The fifth assumption enables one to calculate the 
mineral content from the base exchange capacity, the fixed 
potassium and the crystal lattice water loss by way of two 
simple simultaneous equations, since the percentage of 11- 
lite is derivable directly from the percentage of potash 
present in the colloid. The equations then take the fol
lowing form:

- Let x si percentage of montmorillonite 
- : y =  percentage of illite

z =s percentage of kablinite.
Then: lOOx + 30y + lOz = B.E.C. of colloid

6y = per cent of KgO in the colloid
5% + 5y + 14z * per cent water loss of colloid.

In this calculation none of the values is obtained 
by difference, and the results will therefore total up to 
100 per cent only if the assumptions made are correct. 
Table 2 shows that, with a few exceptions, this method of 
calculation gives a good indication of the amounts of the 
respective minerals present in the colloid. The bentonite 
and Bertelson silt loam both gave a base exchange capacity 
above 100 m.e. per 100 gms., and yet both contained an ap
preciable amount of fixed potassium and therefore show a 
total mineral content well above 100 per cent, ill total
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values were found to be equal to or greater than 100 per 
cent. In the colloids containing only montmorlllonlte and 
illite, this would indicate that the decrease in base ex
change capacity caused by montmorillonite being converted 
into an illite-like mineral is not as great as indicated 
by the increase in fixed potassium. This point was sub
stantiated in the experiment to be described in the follow
ing section. :

Conversion of Montmorillonite into an illite-like 
MineraTHay^Treatment with Potassium THEorlde ■

Kanab bentonite and six.soil colloids of high mont- - 
morillonite content were treated-with potassium chloride In 
the following manner.

Samples of ten grams of each were treated with 10 oe. 
of 1-N potassium chloride, and intimately mixed with a 
spatula. This treatment was followed by alternate wetting 
and drying to favor the fixation of potassium by the mont
morillonite in the form of an illite-like mineral. Six such 
alternate wetting and drying operations were carried out on 
each sample.: i
- In his studies on Vermiculite, Barshad (2) has shown 
that ammonium ion is not able to replace as much potassium 
ion from the complex as can be replaced by either calcium 
or magnesium ions. Any potassium that calcium can replace 
therefore cannot be looked upon as "fixed.®



In the present experiment the potassium-treated col
loids were first saturated with calcium, followed by satu
ration with ammonium ion, for the purpose of determining 
their base exchange capacities. The calcium-saturated 
colloids were then quantitatively analyzed for non- 
exchangeable potassium and loss of crystal lattice water.

The data are presented in Table 3. It will be seen 
that the crystal lattice water remained substantially con
stant, as would be expected, since montmorillonite and 11- 
lite contain the same percentage of crystal lattice water. 
The fixed potassium was appreciably increased, but the base 
exchange capacity was not appreciably decreased as found 
by Joffe and Levine (23). It is possible that some potas
sium becomes fixed without the bonding of two layer lat
tices together, a process which should also lower the base 
exchange capacity. This, however, may occur in the first 
stages of potassium fixation as produced artificially in 
the laboratory. Page and Baver (39) suggested that potas
sium ions are fixed within the hexagonal voids in the silica 
sheet of a clay mineral. This hypothesis was later modified 
by the theory that potassium, with a coordination number 
of 12, would be fixed by 12 oxygen atoms of two silica 
sheets instead of 6 oxygen atoms of one silica sheet. It 
aay be, however, that in the initial stages potassium is 
fixed by only one silica sheet and is joined to another 
silica sheet later in the fixing process.



Table 3* Potassium Fixation by Montmorlllonlte

Untreated KCl-Treated

ts.o .«m®' ■ w -
8.
K-#A#O

*

; | TR .1
m •g • • - ■

l>4o
1 . ' : : ® ' .

'

Kanab bentonite 0.03 115.2 5.9 Tr. 1.41 114.0 5.7 23.5Otay bentonite o.u 129.8 5.0 2.3 2.29 106.3 5.1 34.8
Pima 2.84 70.6 6.0 47.3 3.72 74.4 5.8 62.0
Gila 4.00 58.2 6.0 66.7 4.20 50.8 6.0 70.0
Yuma - 3.31 51.8 5.4 55.2 3.71 51.8 5.3 61.8
Safford 2.88 77.2 5.9 48.0 3.05 61.7 5.6 51.0
Casa Grande 3.90 56.5 65.0 5.00 44.6 83.3Sunrise 3.04 63.7 50.7 4.22 52.6 70.7Ramona 2.79 :: 48.4 46.5 3.65 40.1 60.8
Mingus 2.61 ' 86.5 43.6 3.60 74.2 60.0
Cameron 2.78 81.6 5.0 46.3 3.84 67.0 5.0 64.0
Joseph 2.34 86.3 3.90 2.95 78.8 49.2
Mohave 3.88 : 53.3 64.6 4.35 53.8 72.5
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Joffe and Levine (24 V have shown that ammonium ion is 
fixed:by colloids in much the same manner as potassium. In 
base exchange determinations there may be a slight discrep
ancy in. the results due to the fixation of this cation by 
the colloid. The results might be high due to the breaking 
down of a mineral that had already fixed some previous
to saturation with NH^+.

The data in Table 2 for successive samples from any 
given profile do not show any consistent variation of illite 
content with depth. Illite-like minerals are products of 
weathering and might be expected to decrease with depth.
On the other hand, rainfall would tend to wash potassium to 
the lower depths, and in this case the illite content might 
be higher in the lower horizons. Illite-like minerals seem 
to form most readily under conditions of alternate wetting 
and drying. The high temperatures and long intervals be
tween rains often give the soils a chance to dry completely 
several times a year, and this is conducive to illite for
mation. The high potassium content, high montmorillonlte 
content, and environmental conditions of these soils should 
and do give a high Illite content.

Chi the soils where kaolinite was found to be present 
in small quantities, there was no consistent variation of 
kaolinite content with depth. However, in the White House 
colloid (Figure 10) where the kaolinite content in the sur
face horizon was found to be $6 per cent, the value dropped
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to 30 per cent on:the surface horizon of the eroded phase 
of this soil. These results seem to agree with those of 
Peterson (42) who found kaolinite to deorease with depth 
in the highly weathered soils, but found no deorease with 
depth in the lightly weathered prairie soils.
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The possibility that illite might be more beneficial 
to structure formation than aontmorillonlte was mentioned, 
in the literature review. Peterson (41) found that mont- 
morillonite markedly increased the amount of material re
sistant to wet sieving, but his work was done on the acid 
soils of the East. He postulates from the work of Russell 
(52) and of Hauser and XeBeau (20) that to act as a cement
ing agent in the development of granules the clay must dry 
from a gel rather than from a flocculated state. Cements 
formed from clays drying out of gels where the adsorbed cat- 
■;i'ohs- are less hydrated are more water stable than those 
from gels where the cations are more highly hydrated.

Hydrogen-saturated clays produce aggregates most 
stable to water, thereafter calcium, and finally sodium.
As the ability to produce stable aggregates decreases, the 
tendency to produce large impermeable clods increases. A 
hydrogen-saturated montntorillonite might produce desirable 
water-stable aggregates, while the same montmorillonite ' 
saturated with sodium produces a tight impermeable, un
stable soil condition.

A calcium-saturated montmorillonite will give the soil 
much better structural properties than will sodium, and 
gypsum treatments have been successful in some cases in the 
treatment of tight soils. However, there are many cases 
where these treatments have been unsuccessful. There are 
very few Arizona soils that contain water-stable aggregates
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unless their organic matter content is high. The bene
ficial aggregate-forming properties of montmorillonite do 
not seem to be very effective in alkaline soils. Illite 
shows a lower power to produce aggregates than does mont
morillonite, but by the same token is much harder to dis
perse hence less likely to form tight soils under alkaline 
conditions. The clay mineral problem seems to be one 
which calls for the prevention of poor structure formation 
and not primarily one of developing good structure once the 
structure has been destroyed. If poor structure formation 
is 'prevented, then good structure can be promoted by plant 
roots, microbial activity and water penetration. However, 
if poor structure has once come into being, these structure— 
forming forces apparently cannot come into play.

Structural Study of Two Normal and 
*Bard SpoF^SoTI Profiles ~ r

Two "hard spot” soils (also called "slick spo#be
cause of impermeability of the surface soil to water) from 
the Chandler and Phoenix areas (Nos. 123-125 and 129-131) 
were examined for base exchange capacity, crystal lattice 
water, free ferric oxide, and degree of swelling of their 
colloidal clay fraction. - In addition, determinations were 
made for mechanical analysis, aggregate stability, and 
porosity on the original soils. For comparison^ similar
determinations were made on the productive soils from the
same areas. The results are shown in Tables 4, 5 and 9*



Table 4. Physical Properties of Normal and "Hard Spot" Soils 
• and Their Colloids :

-

Original soil Clay colloid

Number
Mechanical anal:rsis Porosity

Maximum swelling*Sand Silt (3lay Non-capillary Capillary
$ .

123 42 27 31 4.73 26.8 310~
fb ^ 124 42 25 33 6.93 26.8 240 /Vfrft

125 44 23 33 8.27 26.8 15(L 1 .' ' "
126 50 24 26 4.63 23.8 234^ ■ ,
127 45 “ 30 25 7.02 26.6 285
128 49 23 28 11.0 26.0 196^
129 44 21 35 9.45 27.5 200“| - .1130 54 14 32 7.35 27.3 190 j1 " ,
131 43 4.70 28.0 : 155J132 61 13 26 6.00 25.7 250- ■ - : ' *

S KG 133 68 12 18 3.00 22.7 250
134 50 . 14 36 8.82 21.7 . 195

... in.......... ... .... .
*At water saturation



Table 5. Mineral Analysis of Normal and "Hard Spot” Soils

i
i O

s

#
A
Pt
s

. * • w  ®e .a §

1
#4- #O 1 1

0

•5 3
£

123 Bartlett Heard Hard Spot \ 0-12 58.7 3.30 5.6 42 55 6 ' 103
124 ” . , 12-24 50.2 3.86 5.5 31 64 5 100
125 n 24-36 37.7 5.35 5.1 11 89 0 100
126 Bartlett Heard Normal 0-6 54.6 3.79 5.0 36 64 0 100
127 » .. ;' 0-12 53.7 3.96 5.0 34 66 0 100
128 « 12-36 41.4 5.04 5.0 16 84 0 100
129 Stanley Knox Hard Spot I 0-12 45.2 5.05 5.0 20 84 0 100
130 : . . .. n ;.12-24 44.6 5.40 4.9 17 90 0 104
131 ” : : 24-36 42.2 5.09 5.0 17 85 0 102
132 Stanley Knox Normal ‘ 0-12 51.9 3.96 5.0 34 66 0 100
133 # : - :' 12-24 54.3 4.20 5.1 33 70 0 103 ;
134 V.' ” ' . ' 40.1 5.10, 5.0 15 85 0 100

$
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The meohanieal analysis showed the clay content to he 
higher on the slick spot soils. The silt content is also 
considerably higher in the slick spot soils than in the 
normal soils, which was to be expected. However, there ap
peared to be no correlation between mineral content and 
poor structure, as shown by the mineral percentages in 
Table 5. It had been expected that the montmorillonite 
content would be higher in both slick spot soils. Actually 
it is seen that the montmorillonite content was higher in 
the normal soil of the Stanley Knox field than in the slick 
spot soil. In the colloid of the Bartlett Heard soil the 
montmorillonite content was slightly higher in the slick 
spot soil than in the good, normal soil but the difference 
was not great enough to be significant.

These two hard spot soils, along with several others 
like them, have been analyzed for total salts, per cent 
sodium, pH, organic matter content, aggregate and mechanical 
analysis. None of these analyses have shown any one factor 
which might be causing these slick spots to occur upon dry
ing. It is obvious that high montmorillonite content is not 
the cause of poor structure in every case. However, further 
investigation does tend to show that high montmorillonite 
content does give dispersion and puddling whereas illite 
does not.

It was stated previously that the mineral composition 
of the colloid showed no significant difference between

x"'
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surface colloids of the good Bartlett Heard soil and Bart
lett Heard hard spot soil. However, the clay content in the 
Bartlett Heard hard spot is enough higher than the clay con
tent of the good soil that the ratio of the montmorillonite 
content of the soils is 1 to 1.4, which is a rather signifi
cant difference. The Bartlett Heard hard spot soil with 
its high montmorillonite content had the most unstable struc
ture and broke up into the most dispersed state of the four 
surface soils. The other three soils did not show the 
cloudy, dispersed condition shown by the montmorillonite 
soil (Plate IIIh Other factors such as salt content and 
sodium content seem to be etual. It is very possible that 
the poor surface structure of the Bartlett Heard soil is 
due to the dispersed condition of the soil. The Stanley 
Knox colloid, which shows no dispersion even in the bad 
surface layer when placed in water, M s  a structure prob
lem which does not seem to be caused by dispersion or pud
dling. :
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In Eastern soils it was found toy Saith and Browning 
(56) and toy Nikiforoff, Humtoert and Cady (37) that some of 
the hardest crusts seem to form on sandy loams. A high 
clay content apparently causes sufficient shrinking and 
cracking on drying to prevent the formation of hard crusts. 
A mixture of sand, silt and clay in just the right propor
tions for the successively smaller particles to fill the 
pores between the larger ones seems to toe the condition 
under which many of the hardest crusts form. The high 11- 
lite content of the Stanley Bhox soils should cause it to 
exhibit very little shrinkage or cracking, and hence there 
might toe little or no cementing of particles to form aggre
gates. The clay particles in this case might therefore toe 
considered to act like small silt particles, in which case 
the requirements for the formation of poor structure are 
fulfilled.

These theories are presented as possible explanations 
from the standpoint of mineral composition. It is probable 
that mineral composition is not the dominant cause of poor 
structure in either of these soils. However, mineral com
position is linked with almost all the essential properties 
of soils, and there is considerable difference in the prop
erties of the two dominant minerals of Arizona soils in 
spite of their structural similarity. Montmorillonite, 
with respect to base exchange capacity, swelling, adhesive 
and cohesive properties, surface area, water of hydration
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and all other factors normally associated with a "clay," 
acts more like a clay than does illite. It therefore fol
lows that in reporting a mechanical analysis one should 
consider not only the percentage of d a y  but also the 
mineral content of that clay. It might be possible to have 
a montmorillonite clay which gives the same mechanical.an
alysis as an illitio one, but which would -tend to give the 
soil much stronger clay properties.

Russell (51) states that in cases of crumb instability.
The higher the clay content, the more diffi

cult it is to get the soil in good condition and 
the easier it is to spoil the soil by bad tillage 
practice. -

This has been found to be true in Arizona soils; it should 
therefore follow that the higher the montmorillonite eon- 
tent, the more difficult it is to get the soil in good con
dition once it has been destroyed and, conversely, the 
easier it is to puddle. However, one must consider several 
other factors. The bases with which the minerals are satu
rated are of primary importance. High salinity would keep 
even a sodium-saturated montmorillonite in a flocculated 
state. However, such salinity is usually detrimental to 
plant growth and should be only a temporary condition on 
any soil which drains sufficiently for good plant growth. 
Illite should not give a dispersed condition, but a high Il
lite content would give very little swelling, cracking, base 
exchange capacity, and would hold a smaller volume of water
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than would a montmorillonlte.clay. To further complicate 
this picture, there is the possibility that a high illite 
content, such as was found on the Stanley Knox farms, is 
a result rather than a cause of poor structure. These hard 
spots seem to occur during the dry years when farmers are 
unable to irrigate their land throughout the entire year.
The soil becomes very dry and impervious to any future ir
rigations. If there is any potassium in the surface soil, 
then this excessive drying would give very favorable condi
tions for potassium fixation. This might be the explanation 
for the high illite content of the colloid of the Stanley 
Knox hard spot.

Undisturbed profile sections were taken of these soils 
by means of a steel mold designed for this purpose. The 
instrument and profile are shown in Plate II. The mold is 
lowered into a three-foot pit and pressed into the smoothed 
side of the pit by means of two hydraulic jacks. When the 
mold is full it is carefully removed, laid flat on the 
ground, the hinged sides lowered, and the section transfer
red to a box of the same size. The extent of root growth 
throughout these profiles gave evidence of the striking 
difference in permeability of the slick spot and the normal 
soils. For obvious reasons, such sections can be taken 
from such compact slick spot soils only when they are rea
sonably moist.



Swelling and shrinkage with resulting fracturing are 
among the most important of structure-forming processes ex
hibited by the clay fraction in alkaline soils. The degree 
of swelling is also one of the most difficult properties to 
measure because of errors which are inherent in all volume 
measurements. Baver and Winterkom (k) designed an appara
tus to give volume of water absorbed and volume change in 
the colloid as a function of time. An apparatus of Barer 
and Winterkom1s design was constructed and tried out. 
However, the change in volume in most soil colloids was so 
small that it was impossible to get an accurate reading 
from the apparatus as designed. If the radius of the mea
suring tube were made any smaller, then there would be an 
additional area of contact of the colloid with the glass 
surface, causing friction and adhesion. Compaction by the 
colloid would also be increased if this were done. More
over, a moisture gradient is set up in the soil column, 
hence it takes a long time for equilibrium to be reached 
because of the slowness of diffusion. The method could not 
be made to give accurate results.

A new apparatus designed and constructed for the mea
surement of swelling is shown in Figure 6.



I
c

6 . Apparatus for Determination of Degree of 
-’•'elling of foil Mineral i.'ix- 
tures and Doll Colloids
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This apparatus is based c 
displacement of an anhydrous llqmld by the soil

... - ' . .
the principle of simple

-
r

either before or after swelling, but in this case volume
readings can be taken directly. Garten tetrachloride is
sucked into the left-hand side of the apparatus and made
up to a designated mark at A on the capillary tube. It
is then closed off by means of three-way stopcocks at E
and I*. All of the stopcocks on the apparatus are Shrep*-_
way. The liquid is then run into the large bore tube and 
set to some convenient mark, as at B above the bulb.

The ground joint at D is arranged to contain the

:

pie whose volume is to be determined in the cup at D. By 
adjustment of the stopcock at G, the carbon tetrachloride

V  ■ ■" . V . ‘ . :
is allowed to flow into the right side of the apparatus, 
first from the non-capillary tube, which can be considered 
as the coarse adjustment and can be set exactly on any 
chosen mark on the scale. The capillary tube is used for 
the final adjustment, the liquid being allowed to flow to 
mark 0. The volume drained from the capillary and non- 
capillary tubes, subtracted from the volume obtained when 
the instrument is empty, gives the volume of the sample.

Before the readings can be expressed as actual volumes 
they must be converted to true volumes by means of a cali
bration chart, as shown in.Figure 7.
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The data for this chart were Obtained by delivering 
water to a weighing bottle from the tubes and weighing the 
water delivered between successive graduations. The tubes 
proved to be very uniform throughout, and gave a straight 
line in both oases^ The upper line represents volumes de
livered by the capillary tube, and readings from it must be 
multiplied by 0.1 to give true volumes. The lower line 
represents the coarse adjustment, and from it volumes can 
be read direct. Since the temperature of the carbon tetra
chloride does not change measurably during the determina
tions, there is no need for any temperature:control.

The swelling determinations were made on aggregated 
samples 18-35 mesh, 0.5 gram samples in small glass eups 
1 centimeter in diameter and 1 centimeter deep; The same 
cup was used for all determinations made oh any one sample, 
thus eliminating corrections for errors that might arise 
from this source. : :

Mixtures were made in the form of a paste ofmontmoril- 
lonite and illite in series of different compositions.
These mixtures were saturated with calcium and allowed to 
dry in an aggregated form. The fractions between 18- and 
35-mesh were screened off and saved for each sample. The 
fractions above and below this range were ground to 100- 
mesh and placed in separate containers. Volume determina
tions were made of the aggregated samples and of the 
samples that had been screened to 100-mesh. The results
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are shown in Table 6, Columns 1 and 2. It appears that the 
samples of higher montmorillonite content form aggregates 
that are Impermeable to carbon tetrachloride. •

The same determination was repeated by letting the sam
ple remain in tiie carbon tetrachloride for five minutes.
The instrument was lightly tapped during tills interval to 
give the carbon tetrachloride a chance to enter all the 
pores. Columns 3 and 4 of Table 6 show the corresponding 
volumes of finely-ground and granular samples to be the 
same within the: limits of error of the instrument. The 
results in columns 1, 3 and 4 show the instrument to be 
accurate to -5 oe. in a volume of 300 oc.

The colloids were used in coarsely granular form in 
the swelling determinations to give a more rapid and more 
nearly equal distribution of water throughout the colloid 
than when"the sample is 'finely ground to 100-mesh." Another 
advantage is that the water distributes itself more rapidly 
throughout the sample, so that less time is required for 
the swelling equilibrium to be reached.

Even though these aggregates were calcium saturated, 
they appeared to be quite unstable when water was added to 
the sample. The montmorillonite samples were more stable 
than those high in illite, but there was no difficulty in 
obtaining an equal distribution of water on the illite 

samples even when the granules were completely broken down 
by grinding. It would have been very difficult, however,
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Table 6. Volume of Dry Clay Colloid Samples, 
Both Finely Pulverized and Coarsely Aggregated

Montmoril-
lonlte

Volumes.read . 
immediately

. Volumes read
after five minutes

100 mesh 0.5-1 mm.* 100 mesh 0.5-1 mm.*
% CO. 00. CO. cc.
100 25.9 26.6 25.6 25.8
80 24.4 25.1 24.0 23.5
60 23.2 23.8 23.1 23.4
50 23.3 23.4 22.8 23.0
40 22.0 22.2 22.0 22.1
20 21.9 21.9 21.7 21.4
0 20.6 20.4 . 20.9 ... 20.9

♦Through U#S . standard sieve No. 18 on No. 35 '
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to obtain an equal' distribution in the montmorillonlte 
samples: had the granules brotobn doxm completely. :

The preparation of the eoHold samples for the - swell
ing determinations was as follows: Equal volumes of water
were added by means of a mioroburette to all the samples 
containing illite and montmorillonlte. The various composi
tions of these mixtures were chosen to obtain the swelling 
curve:as a function,of montaorlllbnlte content. The sam
ples were then weighed to obtain the exact amount of 'water 
added. Following this-they were placed in a desiccator 
over water for 12 hours. This treatment allowed the water 
which had been added to become more equally distributed 
throughout the sample. It w s  expected that these samples 
would absorb a small amount of water from-the saturated 
atmosphere, but in each ease the samples lost a small 
amount of water to the atmosphere. There was no consistent 
variation in this water loss with mineral composition of 
the samples. The loss probably could have been prevented 
by keeping the desiccator at constant temperature through
out the 12-hour period, and thereby preventing evaporation 
and condensation. However, as long as it was known how 
much water was present at the time the swelling determina
tion was made. It did not matter how much had previously 
been lost. The samples were therefore weighed just before 
the swelling determination.
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Variation in Degree of Swelling with Moisture Content: 
Determinations were made on all samples exeept illite to 
find the amount of swelling .when different volumes of water 
were added to the samples.

: In this experiment the 0,5 gram of colloid was taken
' 1 - ... ’ -

in each case, and water in volumes of 0.2, 0.3, 0.4, and
- :

0.5 cubic centimeter added. Illite was found to be more 
than saturated at 0.3 cc. so swelling was determined in 
this case for only the samples containing 0.2 and 0.3 oo. 
of water.■ The. technique finally adopted was to saturate the 
samples with water, that is, to bring each sample to a mois
ture content representing the maximum of imbibition and 
swelling. After allowing these to stand overnight, any ex
cess water was touched off with filter paper and the volume
was measured.

In Figure 8 and Table 7 is shown the degree of swell
ing expressed in percentage on the basis of volume of dry 
colloid, plotted against water content. The results show 
the montmorillonite gives the smallest amount of swelling 
per co. of water, but the greatest amount of swelling of 
any of the saturated mixtures. Montmorillonite seems to 
be able to orient the water in some way so as to give the 
smallest volume per oe. of water present. Hendricks, 
Nelson and Alexander (21a) have shown that the first step 
in water absorption by montmorillonite is the hydration of 
the replaceable ion. This water would be rather strongly
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MOISTURE CONTENT
PER CENT ON DRY SOIL BASIS

Figure 8. Degree of Swelling of Mineral Mixtures 
as a Funotlon of Moisture Content



held and might account for the small volume increase per 
unit of water added at the lower moisture contents. Its 
expanding lattice allows it to adsorb more \mter than any 
of the mixtures of illite and montmorillonite and thereby 
to have the greatest volume when saturated.

It would be expected, since most montmorillonite gives 
the smallest swelling per cubic centimeter of water added, 
that illite would give the greatest volume per cubic centi
meter of water. However, such is not the ease. The frequent 
crossing of the various curves would indicate that swell
ing is a rather complex process. The graphs do show that 
there is a period of decreased swelling between 0.3 and 
0.5 cc. water additions for all mixtures. This lag is evi
dently caused by the montmorillonite, since illite becomes 
saturated below this point. It can -probably be attributed 
to the filling of the voids of the montmorillonite within 
this moisture range.

Swelling of Soil Colloids as Influenced by Montmoril
lonite Content; The saturated samples plotted to show 
swelling as influenced by montmorillonite content are shown 
in Figure 9 and Table 8. Saturated samples from the Bart
lett Heard, Stanley Knox, and Tapoo Silty Clay colloids 
were plotted on the same curve. These samples had been 
treated in the same way as the mixtures of montmorillonite 
and illite. The saturated samples of clay colloid seem to 
agree quite closely in their swelling per unit volume, with
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Table 8. Degree of Swelling of Soil Colloids 
as Influenced by Relative Proportions 

of Montmorillonite and 111ite

Lab.
no. Sample Depth

Montmoril-
loBlte

— -—  

Illite

— ---
Degree

of
Swelling

in. fo % . %

Synthetic Mineral 
Mixture 100 470

* 80 20 360
\ * 60 40 339

* 50 50 318
* 40 60 302# . . 20 80 201W 100 146

126 B*E.-Normal 0-6 36 64 234
127 # 6-12 34 66 28|
128 * 12-36 16 84 196
123 B.E.-Hard 0-12 42 55 310
124 # 12-24 31 64 240
125 * 24-36 11 89 151
132 8»E,-Noraal 0-12 34 66 250
133 e* 12-24 33 70 251
134 -* ' 24-36 15 85 196
129 SeK.-Eard 0-12 20 84 200
130 n 12-24 17 90 190
131 « 24—36 17 85 155
91 Tapoo Silty Clay 0-5 59 33 340

117 1# 5-17 63 31 347118 * 17-33 65 31 350
85 Eantz Clay Loam 80 24 36981 Bertelson Silt Loam 100 36 40967 Gila Loam 55 . 50 352
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3 40
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7 100
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b2 6 - 12
b3 12-36
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Figure 9. Degree nf Iv/elllng o f  >oil Colloids as 
Influenced by Relative Proportions of Montnorlllonlte

and Illite Present
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the swelling of the artificially prepared mixtures.
It can be seen that the Stanley Knox colloid gives a 

relatively small amount of swelling. This tends to support 
the theory put forth earlley on the reason for the forma
tion of hard spots in this area; namely, that some soils 
high in illite give such a small amount of swelling and 
fracturing that hard spots result from packing of the soil 
particles.

Time did not permit a more thorough investigation of 
this problem. It would be very desirable to investigate 
the amount of water adsorbed by the various mixtures of 11— 
lite and montmorillonite when they are placed in desleeaters 
and various humidities. It can be safely predicted that 
montmor illoni te will adsorb the most water, but whether it 
will produce a curve similar to that found in Figure 8 is 
a question that can be answered only by additional experi
mental work.

Free Ferric Oxide in Colloids of Some Arizona Soils
The colloids from desert soils are sometimes deep rust 

red in color, suggesting the presence of free iron oxide. 
Alexander, Hendricks and Nelson (1) have found in their 
studies of clay minerals that montmorillonite and the hy
drous micas often contain free ferric oxide in quantities 
great enough to interfere with X-ray studies, that is, up 
to 2 per cent. These oxides impart a red or yellow color
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to the soil. The two colloids studied in. this investigation 
which gave the highest kaolin!te content were also two of 
the reddest colloids. Since a hydrated ferric oxide would 
give a high per cent water loss in comparison with that of 
the clay minerals, it would interfere with the hydrothermal 
analysis on the basis from which mineral composition is cal
culated . Since iron oxide is also of importance from the 
standpoint of its cementing properties in a soil, determina
tions were accordingly rade of this constituent in several 
of the reddest samples. Determinations were also made on 
the colloids from the Stanley Knox and Bartlett Heard soils.

The method of Jeffries (17) was used for extraction of 
the free iron oxide. There is a question as to whether ex
traction with a buffered oxalic acid solution at a pH of 
3.5 and at high temperature, as proposed by Jeffries (22), 
might not break down the crystal lattice structure of the 
colloid. Three of the colloids which had been tested for 
free iron oxide were subjected to differential/thermal an
alysis to test this possibility; All of the colloids were 
originally calcium saturated, and since an oxalate buffer 
was used in the extraction, it was necessary first to satu
rate the colloids with sodium in order to prevent the ’ 
formation of calcium oxalate, which would have given a 
strong exothermal rise at 300° in the differential thermal 
analysis. Following the extraction of the iron, oxalate ion 
was removed from the extracted colloid by washing with



methanol. The colloid was then re-saturated with calcium
prior to the differential thermal analysis* The kaolin :.r
colloids had increased considerably in volume and thereby' - . _ , -- 
decreased in density upon the completion of this treatment.

. ' * . . ■Difficulty was experienced in placing a 0.35 gram sample
. 'in the differential thermal block though the same weight of 

untreated sample could be placed in the furnace without 
strong compaction and still leave a small volume to be * 
filled with fused alumina. The Bartlett Heard colloid, 
which contained no kaolin, did not show this effect to so 
great an extent, though there was some swelling.

The results of the kaolin determinations are shown in 
Figure 10 but proved to be difficult to interpret. Sample 
76 shows no 150° water loss because it was removed direct
ly from the oven at 110° and run without giving the colloid 
time to adsorb water from the atmosphere. Sample 78 shorn; 
some water loss because it was exposed to the atmosphere 
for one day. Both show an endothermic peak at 250°, though 
the original samples did not show this peak, as has been 
reported by Robinson (44), and by Spiel and his co-workers 
(57). Both kaolin samples showed excessive shrinkage on 
heating to 1000°. This shrinkage might have been responsi
ble for the difference in curves for the extracted and non
extract ed colloid above 700°. Since montmorillonite and 
illite are apparently unaffected by the Jeffries extraction, 
and since kaolinite should not contain any iron by
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substitution in the lattice, this method should give only 
the free iron oxide content of the colloid, which is what 
was expected in this determination. The explanation of the
difference in the kaolin curves at higher temperatures very

■ ■■ . ;

probably lies in a partial breakdown of the kaolinite lat
tice.

Following Jeffries’ extraction of the iron in a fer
rous state, the excess oxalate was removed from the extract 
by adding concentrated sulfuric acid and heating to fumes 
of SO3 for two hours; 25 eo. of concentrated hydrochloric 
acid were then added, and the iron reduced^to.the ferrous 
state by means of stannous chloride added to the hot ex
tract to a one-drop excess. After cooling and diluting the 
solution with distilled water, mercuric chloride was added 
to oxidize the excess stannous ion. The solution was then 
diluted to 200 millileters and titrated with N/10 potassium 
dichromate to*the end point with an electrometric indicator. 
The results in Table 9 show that the two soils which have 
the highest kaolinite contents. Nos. 79 and 7 6 , also have 
the highest percentage of free ferric oxide.
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Table 9. Quantitative Estimation of Free Ferrle Oxide in 1 

Soil Colloids by'an Adaptation of Jeffries* Method

Lab.
no. Series Location

Structural
characteristics Depth 10203 Kaolinite

m . , ■ % ... %

123 MoLellan Bartlett Heard Farm & r d  Spot 0-12 2.38 6 ' '
12k # W " n : 12-24 2.21 0
125 # W if ' ** ■ 24-36 1.98 0 «
126 n ... ' ** ' . H ® r o l 0—6 2.58 0
12? « «* * 6-12 2.08 0
128 » ■ f « - # ' 12-36 1.98 0
129 Mohave Stanley Knox Farm Hard.Spot 0-12 2.46 0 ; .
130 w ; * « 12-24 2.11 0
131 * ' ' : » : : 24-36 1.95 0 ’
132 # ... \ . « . : Normal 0-12 2.73 © : -
133 # tt * 12-24 2.11 0 '
134 w . ; *. 24-36 1.93 0
76 Whit# Eons# Santa Rita Range Normal 10-23 4.47 56 . ,
79 ■ ■ w ... . ■ # Eroded 8-16 4.79 30
77 Sonolta * . ; Normal 3-26 3.68 40
78 Comoro v- Normal 10-18 3.20 24
97 Mohave Teague . Normal 4-12 2.62 0

100 Tapoo Freeman Flat Normal 28-40 2.94 156 Cecil . ***»«»:
....1. • , .

14.30 72

• 1

: S
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All of the red colloids in this investigation con
tained some kaolinite and, for the most part, the higher 
the kaolinite, the higher the free iron oxide. There #ere 
no evidences of the endothermal peak shown by nontronite at 
505° 0. nor of goethite at 345° 0. in any of the differen
tial thermal analyses, hence the red color of the colloids 
must be attributed to free iron oxide. This correlation 
between the formation of free iron oxides and kaolinite may 
be explained by the eqmtions in Figure 11. :r

Brown and Byers (7) show a similar breakdown using 
straight chain formulae instead of the ring formulae as 
here proposed. However, they show halloysite to be an in
termediate product in the breakdown of montmorillonite to 
kaolinite. Since halloysite would be formed by the hydra
tion of kaolinite and since kaolinite is formed by the hy
dration of montmorillonite, it would be more consistent to 
consider kaolinite to be an intermediate product in the 
formation of halloysite from montmorillonite. Halloysite 
has not been found in the colloidal clay of any Arizona 
soils. It is either too unstable to exist in these soils 
or else the weathering processes in the soils of this state 
are not severe enough to form halloysite.
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Illite is probably an intermediate product in" the break
down of montmorillonite to free Iron oxide, because isombr- 
phous substitutions in the montmorillonite lattice tend to 
favor potassium fixation. If ferrous iron were substituted 
for aluminum in the octahedral layer, then the lattice 
would be left with a negative charge which could be neu
tralized by the fixation of one potassium ion. Srlm (16) 
has found that his illite-like minerals generally contain 
considerable quantities of iron in the layer packages.

The last two reactions shown in Figure 11 may take 
place simultaneously in the breakdown of montmorillonite or 
illite, though a high illite content is probably more Con
ducive to free iron oxide formation than is a high montmoril
lonite content. In all instances, free iron oxide was found 
to be present in small amounts even in soils free from ka
olin! te. Apparently when the iron atom, with a radius of
0.6? A. is substituted for aluminum 0.57 A.in the montmoril
lonite lattice, the lattice becomes somewhat distorted and 
is more susceptible to breakdown by weathering than the un
substituted montmorillonite lattice. Most authors agree 
that a substituted kaolin!te lattice is so unstable that it 
cannot exist.

These findings are In agreement with those of Alexan
der, Hendricks and Nelson (1) who found a high ferric iron 
oxide content and low combined iron in the soils of kao- 
linitic nature. On montaorillonltio soils, just the opposite
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was found to be true. Tbe IBioltBltle Oeotl oolloid shows a 
72 per cent kaolinite content along with-15■per c e n t f r e e  

iron oxide. It is very probable that most of the remaining 
13 per cent of the colloid can be accounted:for by some form 
of silica which has split off in the formation of kaolinite 
by some such mechanism as suggested in Figure -11. / :

The same authors found that in the Carrington and Miami 
colloids the silica content was 47.1 and 45.4 per cent, re
spectively, yet the former contained 40 per cent kaolinite 
and 40 per cent hydrous mica while the latter contained only 
10 per cent kaolinite and 80 per cent hydrous mica. This 
shows that the silica which is split off in the formation 
of kaolinite or free iron oxide is not always leached fro m ' 
the horizon where the breakdown takes place. The siliea- 
sesqui-oxide ratio in comparing these soils would therefore 
give no indication of the mineral content of the oolloid.

The free ferric oxide in a kaolinitic colloid, of 
course, would lose water in a hydrothermal analysis. This 
would give high results for the percentage of water loss and 
therefore high results in the percentage of kaolinite cal
culated. This is probably the reason for the high total 
percentage of minerals reported when kaolinite was present 
in the samples as shown in Table 2. The iron content would 
also give a high water loss for the samples containing only 
montmorillohite and illite but, as has been mentioned, ka- 
oiinite was not reported when its presence was not evident
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from the differential thermal analysis. IThile this iron 
oxide does account in part for the high results obtained 
in the hydrothermal analyses, it is not present to an ex
tent sufficient to eliminate the possibility of impurities 
in the colloid in the form of cal®lus acetate. Figure 10 
shows that a montmorillonitic or illitio colloid treated 
with calcium chloride gives a much smaller rise at 300° than 
do the strongly washed colloids that had been treated with 
o&lciiid ao@i*bt0 *

It is very possible that iron oxide is present in most 
Arizona soils to an extent great enotagh to have some effect 
on the cementation of aggregates in the soil. In alkali 
soils where cementation by inorganic substances seems to be 
at a minimum, and where it is very difficult to accumulate 
a high organic matter content, these oxides may be of some 
importance even if present in amounts as low as 2 per cent.

Microscopic Study of Structure of Normal 
and dMarcTSpot" Soils

As previously mentioned, clods were removed from the 
Stanley Knox and Bartlett Heard soils, and water-stability 
tests made on a clod from each horizon of the four soils 
(Plate III). The results indicated the surface soil of the 
Bartlett Heard hard spot to contain the only clods showing 
a dispersed condition, although none of the soils were water 
stable. Similar clods from these soils were then, prepared 
for microscopic study.
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The. clods were impregnated with, methacrylate monomer 
and allowed to harden at 45° 0. The impregnation of these 
clods was done in tubes one inch in diameter, placed in a 
vacuum desiccator. The vacuum was alternately applied and 
released to remove the air from the clods and to allow the 
Incite to enter the spaces from which the air had been re
moved. Benzoyl peroxide was used as the catalyst for the 
polymerization of the methyl methacrylate. After the sam
ples had hardened, they were heated to 75° 0. for the final 
hardening process to take place. A  diamond saw was used to 
cut cross-sections of these impregnated samples. The cross- 
sections were taken both longitudinally and transversely in 
order to study any difference which might exist in different 
directions within the.clod. It was later found, however, 
that these sections did not show much difference in size or 
distribution of the pores.

Thin sections were prepared for microscopic study.
The thinnest sections the diamond saw could cut were 1 mm. 
in width. When these sections were held up to the light, 
there was no penetration of light through the soil section 
in either of the hard spot clods. The sections of the clods 
from the good soils of the same areas allowed considerable 
penetration of light, which would indicate that the packing 
or arrangement of the soil particles is. much more dense in 
the hard spot clods. The Stanley Knox good clods could be 
seen by inspection to contain several large pores about
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1/8" in diameter which were caused either by root or worm 
penetration. These were found to be the only continuous 
pores in any of the four soils studied. Even the Bartlett 
Heard good sections showed no penetration to light when the 
sections were over 1 urn. in width. The 1-mm. sections were 
ground down on a polishing wheel. The thinner the sections 
became, the more pore spaces were revealed; however, at 
1/5 mm. neither of the sections from the hard spot areas 
showed any penetration to light. Microscopic pictures were 
taken of various sections of the different horizons of the 
four soils, by reflected light.

Representative pictures of the four surface horizons 
are shown in Plate 17. The Bartlett Heard good clod shows 
fair structure formation due to cracks which were apparently 
formed by small root hairs. The clod does not appear to be 
in a dispersed condition. However, the hard spot soil from 
the same area shows practically no porosity of any type.
The structure lo6ks badly dispersed, and this is undoubtedly 
the cause of the poor structural condition in this case.
The Stanley Knox hard spot also shows little porosity, but 
several very small pores are in evidence. The particles do 
not seem to be cemented in a dispersed condition but are 
very closely packed together. As has been mentioned, this 
packing is probably caused by the failure of illite to swell 
and fracture. Plate V shows the comparative fracturing 
properties of montmorillonite and illite and a 50-50 mixture
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of the two. It is evident that fracturing in the latter 
case, which is of an intermediate order of magnitude, is 
due primarily to the montmorillonite • On the corresponding 
good soil, there has been good root development, which may 
have been responsible in part for the rather high porosity.
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DISCUSSION

The soils investigated in this paper have been found 
to vary considerably in their mohtmorillonite and illite 
contents. It was somewhat surprising to find several soils 
which appear to have formed under arid conditions, and were 
found to contain some kaolinite. Many of these soils are 
alluvial and may have been formed under conditions of high 
rainfall previous to being transported to their present lo
cations. There are several such regions of relatively high 
rainfall in the mountainous sections of the state. A  good 
example of this is the White House series which occurs on 
the more elevated alluvial fan slopes near the foot of the 
Santa Rita Mountains. This soil gives a slightly acid re
action, is relatively high in organic matter, and contains 
a considerable quantity of kaolinite. Some of the kaolinite 
found in the alkaline soils may have been formed under the 
prevailing conditions of low rainfall and high temperature. 
It is very doubtful whether physical weathering is of much 
importance in the breakdown of montmorillonitio colloids in
to kaolinite.

These kaolinitic soils contain relatively large quan
tities of free ferric oxide as compared with the montmoril- 
lonitic and illitic soils of the State. Structure in these
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soils is not a problem. They contain organic colloids 
which can carry a positive or negative charge depenling M  

the stage of decomposition and iso-eleetrle properties.
When in a positive state, these colloids can combine chem
ically with the negatively-charged ©lay minerals in these 
soils and thereby build up water-stable aggregates. Inor
ganic free ferric oxide which is present in these soils 
also bears a positive charge and can combine chemically with 
the clay minerals and with silica to M i l d  up water-stable 
aggregates. Furthermore, ferric oxide has physical cement
ing properties very similar to those of a glue idiioh is 
applied in a hydrated, viscous form in order that it can 
flow into the voids or openings of the material to which it 
is applied. Upon the evaporation of water or whatever ve
hicle is present, the glue sets and thus cements fibers or 
particles together. The hydrated ferric oxide enters into 
the voids of the soil particles in the form of a gel and, 
upon dehydration, sets to form irreversible, water-stable 
aggregates.

Let us consider the montmorillonitic and illitic soils 
which exist in Arizona under arid conditions and, generally, 
in regions of high mean annual temperature. These soils 
contain very little organic matter because on land under 
irrigation, farming practices are so intense that organic 
matter does not have time or opportunity to accumulate.
On lands not under irrigation, a deficiency of water limits
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vegetative growth to such an extent that an excess carbon 
eontent cannot be built up because even root residues dis- 

- appear quickly under the accelerated microbial activity 
which goes on under the relatively high prevailing tempera
tures. Ferric oxide is present only in small amounts be
cause little chemical weathering has taken place. In most 
eases, therefore, aggregate formation by organic matter and 
iron oxide is very slight on alkaline soils.

There is at least one other important form of cementa
tion in soils, and that is through the physical cementation 
of clay particles to each other. Peterson (43) has shown 
that montmorillonite has rather strong cohesive properties, 
and that water-stable aggregates can be formed by hydrogen- 
saturated montmorillonite. Calcium-saturated montmorlHenlte 
forms less stable aggregates, and a sodium-saturated colloid 
forms the least stable aggregate. These ions have the same 
effect on the flocculation of colloids, and it might appear 
that water-stablfe aggregates are formed by the wetting and 
drying of colloids which have been flocculated. This is 
probably not the case, however. It appears from Peterson's 
work that in order to act as a cementing agent in the de
velopment of granules such as are found in field soils, clay 
must dry from a reversible hydrophilic, thixotropic gel 
rather than a flocculated state.

Hauser (20) has demonstrated that when a montmorillonite



sol changes to a g@l upon th® addition of an electrolyte, 
the individual particles of clay assume fixed positions, 
each particle appearing as a discrete unit completely sepa
rated from any others. He theorized that these gels were 
formed by particles taking equilibrium positions in rela
tion to one another as a result of the balancing of forces 
of attraction and repulsion. The repulsive forces would 
vary with the electric charge of the particle, composition 
and arrangement of the ions about the colloidal particle in 
the dispersion medium, and the degree of solvation of the 
colloid. Therefore, homo-ionic clays saturated with the 
more highly-hydrated cations, such as sodium, should form 
gels which would develop more readily but which would be 
more easily dispersed on dilution. Bussell (52) also postu
lates that the more easily hydrated cations can be expected 
to be more effective in bringing about the orientation of 
clay particles. The-behavior ©f Arizona soils indicates 
that this theory is correct. Sodium-saturated soils form 
a much more impermeable surface upon drying than do calcium- 
saturated soils. While a sodium clay is very effective in 
producing cementation (Of an unfavorable type) in soils, it 
la not at all effective in producing water-stable granula
tion because of its strong attraction for water and its 
hydrolysis to produce hydroxyl ions which act as a dispers
ing agent when water is added.

Unfortunately, arid soils often contain large quantities
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of exchangeable sodium, and very little water-stable aggre
gation takes place. On the contrary the dispersing, pud
dling and cementing effects exhibited by sodium clays are 
responsible for the condition designated as a "slick spot."

Throughout this investigation, the terms "hard spot" 
and "slick spot" have been used interchangeably to desig
nate the same condition. However, a "slick spot" soil 
gets its name from the fact that the addition of water pro
duces a slick surface condition which can be attributed to 
the dispersing effect of hydroxyl ions. This free alka
linity arises chiefly from the hydrolysis of sodium clay. 
Saver (3 ) has shown that a sodium saturated clay swells to 
a greater extent than the same clay saturated with other 
cations. The high degree of swelling exhibited by these . 
dispersed soils prevents penetration of water into the lower 
horizons. "Hard spot" soils are also impermeable to water 
and show restricted root and air penetration. The diapers- 
ing effect of alkalinity, to some extent, may be responsi
ble for this condition, as was found to be the case in the 
Bartlett Heard soil. However, a "hard spot* soil can be 
differentiated from a "slick spot" by the fact that a 
"slick spot" is a permanent condition which will exist un
til the soil is reclaimed. A "hard spot* can be termed 
permanent only in that this condition occurs seasonally in 
the same spot. During the spring months there is no differ
ence in crop yield between the hard spot and the normal



•oil. However, the *hard spots" may reappear later in the
year. C : . ' - ' . ' . ' t o i - . v

• Hard spots seem to form as a result of excessive dry
ing of the soil. They always occur in the surface horizon 
and many occur only d w i & g  'the dry years when irrigation 
water is limited. Aside from .excessive drying, no one fac
tor seems to he responsible for hard spot formation. How
ever, excessive drying is not wholly responsible for this 
condition because if it were, these herd spot# v
spread out over entire fields instead of occurring as small 
scattered areas within normal fields. Apparently these 
hard spots are border-line structure cases. Whether their 
poor condition is caused by dispersion, as was the case on 
the Bartlett Heard soil, or by close packing of the soil 
particles, as in the Stanley Knox soil, their tight condi
tion is aggravated during the hot, dry summer months by tte 
drying and cementing of the soil particles. This aggrava
tion is sufficient to cause a hard spot to form during the 
period when the soil is excessively dry* Irrigation during 
the cooler parts of the year will gradually overcome this 
impervious condition to allow for a fairly good crop yield 
in the spring.

: Montmorillonite colloids can be transformed into
illite-like minerals through the fixation of potassium. The 
possibility of adding potassium to a dispersed soil high in 
montmorillonite was given some consideration. From a
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praotioal stti4p@lnt» the cost of reclamation in this man
ner would be prohibitive in most cases because 5 tons of 
K^O per acre-foot would probably be the minimum amount 
necessary for any appreciable fixation. Since potassium is 
very similar to sodium in its ability to hydrolyze and 
thereby-cause free alkalinity, it would be necessary to re
move the excess potassium following fixation, otherwise the 
favorable effect of converting montmorillonlte to illite 
would be offset by unfavorably high pH produced by hydroly
sis of potassium in the base exchange complex. However, 
laboratory investigation has shown that this conversion of 
montmorillonlte into illite-like minerals is possible even 
in relatively short time.

Gypsum applications have been found to be beneficial on 
many "slick spot* soils and organic matter is a necessary 
prerequisite to aggregation on both "slick spot" and "hard 
spot* soils. Proper tillage and irrigation practices are 
always necessary, especially on heavy clay soils, to keep 
them from developing unfavorable structure. Whenever pos
sible , mulches should be used on the hard spot soils when 
the land is not under crop cover. Every precaution should 
be taken to prevent the formation of slick or hard spots, 
since an ounce of prevention is always better than a pound 
of cure and under an intensive, continuous cropping it is 
expensive both as to time and costs to reclaim and re- 
aggregate such soils with a sufficient degree of completeness
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to justify undertaking it.
If such amelioration of poor structure Is to be accom

plished, it is necessary in some manner to increase the 
organic matter content of the soil. To do this by way of a 
cover crop to be plowed under means taking the land out of 
cultivation as far as a cash crop is concerned; and in the 
meantime the fixed costs for labor, irrigation water, inter
est, and so forth continue. Crop rotation, particularly 
with legume in rotation with cotton or small grains, toe 
been found generally to result in improved structural condl- 
tions on arid soils.
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• ' ' S U M M A R Y  -

1. An Investigation has been made on the mineral com- 
position of the colloidal clay fraction of 37 Arizona soils 
in relation to their structural characteristics,

2. A method of calculating mineral composition from 
base exchange, fixed potassium, and hydrothermal water 
loss is proposed which gives good results when there are no 
impurities in the sample.

3. The free ferric oxide content of a number of the 
soils studied varied between 1 and 4 per cent. The presence 
of this hydrated oxide causes the calculated values for ka- 
olinite to be too high.

4. Swelling studies on clay colloid mixtures and on 
soil colloids showed that the degree of swelling of a soil 
colloid is a function of the proportions of montmorillonite 
and illite present. Pure montmorillonite swells to an ex
tent of about 500 per cent and illite 150 per cent.

5. Surface hard spots are not always caused by the 
soil being in a dispersed condition. They may be due to 
the packing of the soil particles in an impervious arrange
ment. Excessive drying seems to be instrumental in the 
formation of such soils.

6 . Poor structure in soils high in illite may be
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caused by the failure of the illite to swell and fracture. 
While these beneficial effects result from fracturing due 
to expansion and contraction of the clay fraction, such an 
effect does not seem to be exhibited to any great extent 
by illitie clays.

7. Eaollnite is not prerequisite to the presence of 
free iron oxide in a soil, but soils high in kaolinite al
ways show a free iron content. A mechanism is suggested to 
explain the simultaneous occurrence of these two constitu
ents in highly-weathered soils.

8 . When potassium fixation is carried out artificially 
in the laboratory, the base exchange capacity does not de
crease in proportion to the increase in potassium fixed, 
which indicates that some of the fixed potassium is not 
acting to bind montmorillonite layer packages together but 
is being held in an unavailable form in the interior of the 
lattice.

9. An interpretation is given of the mechanism of for
mation of "slick spot" and "hard spot" soils in terms of 
physical and chemical binding between soil particles by ce
menting agents. Physical binding is construed to be a 
temporary cementation by reversible clay colloids to produce 
unstable aggregates. True chemical binding, on the other 
hand, occurs between clay particles and large organic mole- 
eules such as humic acids and the polyuronides, and produces 
water-stable aggregates.

86
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Legtmd for Plate I

Red Spheres-----Oxygen atoms
Blue Spheres ---- Hydroxyl groups
Black Spheres ---- Silicon atoms 
TeULow Spheres--Aluminum atoms



PLATE I. CLAY MINERAL CRYSTAL MODELS
v

Kaolinite 
a-b plane



PLATE II. PROFILES OF NORMAL AND "HARD-SPOT" SOILS

Steel mold and box for taking profile samples



PLATE III. AGGREGATE STABILITY OF "HARD-SPOT" SOILS NORMAL AND

Aggregate behavior immediately UDon 1

Appearance of aggregates 15 minutes later



PLATE IV. EXTENT AND DISTRIBUTION OF PORE SPACES 
IN UNDISTURBED NORMAL AND "HARD-SPOT" SOILS

Normal McClellan surface soil (Bartlett Heard)

Hard-spot McClellan surface soil (Bartlett Heard)
"f/ca. y*'® “"v S'*



PLATE IVA. EXTENT AND DISTRIBUTION OF PORE SPACES 
IN UNDISTURBED NORMAL AND "HARD-SPOT" SOILS

Normal Mohave surface soil (Stanley Knox)

Hard-spot Mohave surface soil (Stanley Knox)
f ic<vhow : 5X



PLATE V. FRACTURING- OF CLAY MINERALS AND 
THEIR MIXTURES ON ’VETTING AND DRYING

M O NT + ILL.
5 0 - 5 0

MONT.

I LUTE

Note extensive fracturing in pure montmorillonite 
and very slight shrinkage and fracturing in pure 
illite. In the 50-50 mixture of the two, shrinkage 
and fracturing are roughly proportional to the 
montmorillonite content.


