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ABSTRACT

It is questionable that kaolinite is causing the high
shrink-swell of Hawaii kaolinitic Vertisols. In the
taxonomic terms, these soils do not meet the requirement to
be classified as kaolinitic. As identified by electron
microscopy, the dominant phyllosilicate mineral in the
Waihuna soils is dehydrated halloysite not kaolinite. The
mechanism of shrink-swell in the so-called kaolinitic
Vertisols is of interest. The majority of these soils
contain zero to trace amounts of X-ray diffraction (XRD)
detectable smectite. In this study these kaolinitic
Vertisols are characterized in terms of their physico-
chemical and mineralogical properties to gain an
understanding of the mechanism that promote their shrink-
swell behavior. |

The cation exchange capacity (CEC) of the Waihuna

and Honouliuli soils is 20 to 36 cmol, kg'1 and 30 to 42
cmoL:kgq, respectively, a difference that was not reflected
by XRD. Swelling pressure and percent volume change are
both higher for the Waihuna series than for Honouliuli
series. Ionic strength and exchangeable sodium percentage
(ESP) are not correlated with swelling potential, but
specific surface area data indicates the presence of
expandable mineral phases in the soils under study.

Evidence from electren microscopy, oedometer test,

specific surface area data, chemical data and calculated




XRD patterns indicate that smectite is present as tactiods
with range of order so short that distinct XRD peaks are
not produced. Interparticle diffraction, however, can
account for many of the XRD observations.

Mica, deposited as tropospheric dust, is believed to
be unstable and to have transformed to smectite. There is
also evidence that the Waihuna series contains a
significant amount of randomly interstratified
illite/smectite and possibly interstratified kaolinite or
halloysite/smectite. Presence of smectite as tactiods, not
detected by XRD, and as an interstratified mineral is
believed to be responsible for the physico-chemical
behavior of the kaolinitic Vertisols of Hawaii.

Based on this study, it is recommended that the
mineralogy class of these series be changed from kaolinitic
to mixed; the rest of the taxonomic name (Soil Taxonomy)

stays the same.
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1. INTRODUCTION

The types and amounts of clay minerals present in a
soil affect the physico-chemical properties and has a strong
influence on soil management and crop production as well as
on soil engineering properties. It is, therefore, possible
to predict physical behavior of a soil system from
mineralogical analyses. Detailed mineralogical analyses of
standard clay mixtures often yield information that can be
used to predict the influence of the amounts and types of
clays that are responsible for the observed physical
properties of a soil.

A change in soil volume with a corresponding change in
water content is dependent upon the properties of the clays
in the system. Under ordinary circumstances, the class of
phyllosilicates known as smectite are popularly attributed
to the shrink-swell properties of soils. Evidence of
problems associated with expansive soils is world wide
(Donaldson, 1971). Damage to structures by expansive soils
amounts to billions of dollars annually - more than damage
from floods, hurricanes, tornadoes, and earthquakes (Jones
and Holtz,1973; Holtz, 1980, 1983).

Disregarding organic matter, the'phenomenon of shrink-
swell is a consequence of the amounts and species of
minerals present in the colloidal fraction of soils,
including those that are X-ray crystalline as well as X-ray

non-crystalline. Although smectite is universally assumed to




cause shrink-swell, there are soils in the Hawaiian islands
with shrink-swell properties that are mapped as kaolinitic
Vertisols and show no evidence of X-ray diffracticn (XRD)
detectable smectite. Shrink-swell is generally not expected
from soil with no XRD detectable smectite except in case of
high organic matter. Because organic matter is relatively
low, the mechanism for shrink-swell in the Hawaiian
kaolinitic Vertisols is of much interest.

Preliminary XRD data led the author to consider two
models as possible explanations for kaolinitic Vertisols
shrink-swell behavior. The first model assumes that the
mica, deposited throughout the profile as tropospheric dust,
is weathering to an expandable smectite-like mineral.
Weathering reactions induce heterogenous intercalation of
cations and water at frayed edges of the mica (Figure 1.1).
Consequently the mica is weathered to an expansive
vermiculite-like intergrade (biedellite) by the
incorporation of protons into the structure and/or a de-
crease in the level of lower-hydration-energy ions in the
soil solution resulting in the replacement of K. The
semctite-like weathering products of mica expand in the
presence of water and solvating agents such as ethylene
glycol or glycerol. At an intermediate stage of weathering,
the bheidellite is likelv to exist as randomly
interstratified illite-smectite whose yange of order is so

short that distinct XRD peaks are not produced.
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Figure 1.1 Hypothetical model of mica transformation

The second model assumes a complicated random
interstratification of smectite (produced as in the first
model) with kaolinite/halloysite and perhaps even mica
(illite) under acid conditions (Figure 1.2). There is
evidence favoring this model in which a very weak, broad
band occurs at about 1.6nm. There is also a strong,
relatively wide 0.7nm peak which disappears upon heating at
550%:along with the appearance of a distinct 1.0nm peak.
Also upon heating a broad, low intensity band in the region
of 1.1 to 1.2nm appeared on the XRD patterns which is
believed to be due to smectite interstratified with XRD
amcrphous kaclin remnants. Treatment with ethylene glycol

vapors weakens and broadens all peaks apparently because of




the reduction of stacking order with solvation. Normally,
solvation improves the degree of order of normal smectites,
which leads to the conclusion that clay is not composed of a
regular stacking order of smectite sheets but that it is

inter-stratified with non-smectite materials.
R=0 N=6

=

_I..
K eH>0O+Cations

Figure 1.2 Hypothetical model of complicated randomly
interstratified smectite

In the author's opinion, a combination of bcth models
are necessary to explain the shrink-swell behavior of
Hawaiian kaolinitic Vertisols.

The Objectives of this study were to: (1) identify and
semiquantify the phyllosilicate minerals of the soils in
Hawaili mapped as kaolinitic Vertisols and (2) investigate
and explain why a soil of an apparent low smectite content

can possess the behavior of Vertisols.




2. SHRINK-SWELL PHENOMENA

The mechanism of shrink-swell in Vertisols is not fully
understood. The behavior of clay minerals such as
montmorillonite, if viewed from a basic understanding of
physico-chemical principals in clay-water systems, however
provides a practical guide to shrink-swell mechanisms. Clay
minerals are characterized by the presence of crystal
imperfection and ion substitutions such as Al for Si or Mg
for Al which result in an overall shortage of positive
charge. This charge deficit is compensated by the adsorption
of cations on each face of the clay mineral layers
(smectite, illite, vermiculite) or on the exterior crystal
faces (kaolinite). Clay shrink-swell phenomenon can be
viewed as 1) intracrystalline swelling and 2) inter-
crystalline swelling.

2.1 Intracrystalline 8welling

Intracrystalline swelling, also reported as inner-
crystalline swelling, crystalline swelling or swelling due
to hydration energy, is chiefly characteristic of the
smectite group of minerals (Figure 2.1). Hydration of the
exchangeable cations at active sites on the crystal lattice
layers of smectite causes an increase in interlayer spacing.
As a consequence of this process the clay swells macroscopi-
cally by the principal driving force of adsorption energy of

water layers on the clay surface.



Pigure 2.1 Intracrystalline swelling model

2.2 Intercrystalline S8welling, Osmotic 8welling or
Electrical Double Layer Repulsion

Swelling of clay minerals beyond the so-called
crystalline region has been considered to be osmotic in
nature (Norrish,1973). At a plate distance of 1.0nm, the
hydration energy is no longer important and the electrical
double-layer repulsion becomes the major repulsive force
between the plates. Such swelling, also termed interparticle
or intercrystalline swelling, is effective for all kinds of
clay minerals since it is a property of the physical charac-
teristics of a clay rather than its mineralogical composi-
tion. The repulsive forces between two charged parallel
plates is considered to arise from an osmotic pressure

caused by a difference between the electrolyte concentration




in bulk solution and at a plane midway between the two

plates (Figure 2.2).

N
0,
.

clay partjcle

I

1

+

+
t1i111111
*+ +++ +
LR K K K K
+++++++ +
O O O I I |

+++++++++

Figure 2.2 Osmotic swelling model

The surface charge on the clay plate forms one layer of
the electrical double layer. The compensating charge of the
opposite sign is accumulated in the solution near the
surface and is more or less diffused as a result of
competing electrostatic and diffuse forces. When two
particles approach each other in solution due to brownian
motion, their diffuse double layers overlap (an increase in
Gibbs free energy of the system). Hence the particles repel
each other. This repulsion has a long-range character since
a significant part of the diffuse double layer extends up to

several hundreds nanometer from the layer.




Clay particles possess a negative charge on their
surface which results in attractive forces for various
cations and in particular for dipolar molecules such as
water which provides the major holding force for the double
layer. In an effort to satisfy the charge imbalance, the
volume of water in the double layer will continue to.
increase until a volume change of soil mass has occurred.

The transferability of knowledge gained, under
laboratory conditions, from reference or standard clay
mineral systems to natural soil systems must be made with
cautions because natural soil fabrics (distribution of pores
and their sizes & shape) are also influenced by external
environment. Besides mineralogy and physico-chemical
factors, consideration must be given to mechanical factors.
Mechanical phenomenon includes factors like grain shape and
arrangements (fabrics), stress history, and condition under
which swelling is allowed to develop.

An alternate theory of swelling by Terzaghi (1931) was
proposed which asserted that the basic cause of swelling is
the water pressure deficiency, referred to as capillary
pressure. According to this theory the platelets are
distorted by capillary forces during drying and then recover
their shapes elastically upon rewetting. A useful tabulation
has been presented by Snethen et al. (1975), which explained
on a microscale the mechanisms that influence swelling

characteristics; reproduced here as Table 2.1.




Table 2.1

Natural Microcale Mechanisms Causing Volume Change in Expansive Soils

Mechanisn Explanation

Osmotic repulsion Pressure gradient developed
in the double-layer water
due to variations in the
ionic concentration in the
double layer. The greatest
concentration occurs near
the clay particle and
decreases outward to the
boundary of the double layer

Clay particle Clay particles possess a net

attraction negative charge on their
surfaces and edges which
result in attractive forces
for various cations and in
particular for dipolar mole-
cules such as water. This
makes up the major "holding"

‘Influence on volume change

The double-layer boundary acts as
an osmotic membrane when exposed
to an external source of free
water; that is, it tries to draw
the water into the double layer
to reduce the ionic concentra-
tration. The result is an
increase in the double layer
water volume and the development
of repulsive forces between
interacting double layers. The
net result is an increase in the
volume of the soil mass

In an effort to satisfy the
charge imbalance, the volume of
water in the double layer will
continue to increase until a
volume change of the soil mass
occurs

force for the double layer water

Cation hydration The physical hydration of
cations substituted into
or attached to the clay
particle

As the cations hydrate, their

ionic radii increase, resulting
in a net volume change of the
soil mass.



Table 2.1 (Continued)

Mechanism Explanation Influence on volume change
London-van der Waal Secondary valence forces The interlocking of electrical
forces arising from the interlock- fields causes a charge
ing of electrical fields of imbalance which creates an
molecule associated with attractive forces for molecules
movements of electrons in such as water

their orbits. The phenomenon
frequents molecules in which
the electron shells are not
completely filled

Capillary Movement of water into a As free water becomes available

imbibition mass of clay particles re- to the clay mass, the pore water
sulting from surface menisci begin to enlarge and the
tension effects of water compressive forces are relaxed.
and air mixtures in the The capillary film will enlarge
pores of the clay mass. and result in a volume change or
Compressive forces are supply water for one of the
applied to the clay other mechanisnms

particles by the menisci
of the water in the pores

Elastic A readjustment of clay Volume change results from
relaxation particles due to some particle reorientation and/or
change in the diagenetic changes in soil structure due to
in the diagenetic factors changes in the diagenetic
factors

0T
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3. LITERATURE REVIEW
3.1 Phyllosilicate Swelling

Minerals of the kaolinite, halloysite and smectite
group form interlayer (interlamellar) complexes with certain
inorganic and organic liquids/compounds and increase the
basal d-value. The expansion occurs under a variety of
conditions.

3.1.1 Kaolinite

Kaolin minerals can form interlamellar complexes with
inorganic compounds (Wada, 1961,1964,1965; Deeds et al.
1967; Weiss et al. 1963,1966; Wiewiora and Brindley, 1969).
The salts of large cations (e.g:; K*, Cs’, Rb*) and large
anions (e.g; Cl1, Po,?') , and anions of low molecular weight
fatty acids (e.g; acetate, propionate) are the most
effective in forming interlamellar salt complexes.

Polar organic compounds can also form interlayer
complexes with kaolin minerals. A considerable number of
complexes of kaolin minerals with a variety of compounds
have been prepared (Weiss et al. 1963,1966; Ledoux and
White, 1964,1966; Olejnik et al. 1968).

Some compounds such as formamide, hydrazine, potassium
accetate, dimethyl sulphoxide (DMSO) and urea, intercalate

directly into kaolinite on contact with the clay. These

the melt (acetamide) or f£rom concentrated agquecus sclutions

(>10M) (urea).
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Nitrobenzene, acetonitrite, glycol and long chain alkyl
amines will not intercalate directly into kaolinite but can
be introduced by displacement of previously intercalated
compounds i.e. displacement reaction (Weiss et al., 1963,
1966; Olejnik et al., 1970).

Formation of complexes is strongly dependent on the
properties of the organic compounds and generally a large
dipole moment favors the formation of a complex. A large
dipole moment may, however, cause extensive association in
the liquid state which decreases the rate of intercalation.
It has been observed that the addition of water to highly
associated compounds increases the rate of intercalation by
breaking up the structure of the associated liquid and the
rate of intercalation depends on the extent of association
in the liquid in solution, the temperature, and molecular
size (Olejnik et al., 1970). Studies of the swelling of
kaolinite in polar organic liquids have revealed that a
thick crystal swells more slowly than a thinner one, and a
crystal with higher dislocation densities will swell more
rapidly (Chekin, 1983).

3.1.2 Halloysite

Organic compounds which form complexes with halloysite
are polar, and are usually either acids or bases. Their
molecules usually contain two functional groups (preferably
=CH and/or =-NH,), are relatively small and have one

functional group per two carbon atoms, but generally do not
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include cyclic or aromatic types (Carr and Chih, 1971). The
best explanation of the existence of these meta stable
complexes seems to lie in the ability of some organic
molecules to form a hydrogen bond with the halloysite
structure.

Santos et al. (1966) while working with a halloysitic
material from Brazil, observed that the mineral collapsed
partially from basal d-value of 1.005nm in a naturally humid
state to 0.73-0.72nm when exposed to open air. Partially
collapsed material showed very little increase in d-value or
an exceedingly slow return to the initial state when placed
in water. Addition of glycol, however, to initial clay and
to air dry clay resulted in an expansion to 1.09nm. They
further observed that glycolated samples heated at 110°C or
higher temperatures cocllapsed to 0.726nm and ethylene glycol
addition to these or to other heated samples did not cause
re-—expansion.

3.1.3 Smectite and Mica

Some 2:1 layer silicates swell in water, ethylene
glycol and a wide range of similar compounds (rlﬁacEwan and
Wilson, 1980) by intercalation of molecules befween the 2:1
layers. This property is used as a diagnostic ':I:riterion in
clay mineral identification by X-ray diffraction. It is
generally agreed that swellinag or 1a¢k of it is controlled
by the balance of attractive and repulsive forces between

adjacent 2:1 layers. The main attractive force is the
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electrostatic interaction of the negatively charged layers
and positively charged interlayer material; frequently
alkali or alkaline earth cations. Electrostatic interactions
for specific structures and components have been quantita-
tively evaluated and these methods, when applied more
widely, lead to a better understanding of the crystal
chemical factors that control intercalation and swelling
(Giese, 1971,1975,,1975,,1977,1979; Jenkins and Hartman,
1979,1982).

Sodium induces a greater percentage of swell in 2:1
layer silicates than K because of its larger radius of
hydration (Newman and Brown, 1987). Trioctahedral micas
should expand at a larger layer charge than dioctahedral
micas. Less aluminous trioctahedral micas (phlogopites and
biotites) should remain expandable at charge values that
would prevent expansion of the more aluminous varieties
(prieswerkite). These charge limits for expansion in water
take into account the electrostatic attraction between the
2:1 layer and the interlayer cations and repulsion due to
cation hydration (Newman and Brown, 1987).

There are two primary schools of thoughts to explain
swelling properties of smectite. The first emphasizes the
hydration and mobiiity of the cations that balance the
negative charge of the silicate layers, The second
emphasizes the direct interaction of water molecules with

the silicate surface. Many investigators from the first
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school of thought, including Schofield (1946), Norrish
(1954), van Olphen (1963), Barclay and Ottewill (1970) and
Callaghan and Ottewill (1974) have claimed that clay
swelling is osmotic in character and can be discribed by
double layer theory. All these investigators found
satisfactory agreement between the observed and theoratical
curves of H (swelling pressure of the clay) vs lambda
(Lambda=distance between the layers). A few investigators,
representing the second school of thought, working with clay
and other silicates have accumulated evidence indicating
that hydration forces play a highly significant role.
Hydration of clay surfaces is largely responsible for
swelling or disjoining pressure that tends to seperate them
(Philip, 1987; Pashley and Quirk, 1984; Churaev and
Derjaguin, 1985; Low, 1980, 1987). Recent computer
experiments have also shown that closely spaced solid
surfaces modify the water between them (Lee et al. 1984;
Mulla et al. 1984) and that this modification generates
repulsive forces ‘(Magda et al. 1985).

3.2 8o0il Swelling
The general assumption is that swelling soils are
predominantly montmorillonitic, but factors such as organic
matter, exchangeable cations and iron content in addition to
mineralogical composition also significantly affect swelling

characteristics.
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The amount of clay, kind of clay minerals, and
exchangeable sodium all have been found to correlate with
soil swelling (McCormack and Wilding, 1975). Removal of iron
and organic matter from the soil increases its swelling
potential (Davidson and Page, 1956). While studying.surface
soils of California with a wide range of swelling
characteristics, Schafer and Singer (1976) did not observe
significant correlation between soil porosity, exchangeable
Na and total carbon. These soils were low in Na (ESP <5) and
Na clays, and showed a high correlation between coefficient
of linear expansibility (COLE) and proportion of smectite
and swelling interstratified minerals.

Discrepancies were found between laboratory measure-
ments and field observed shrinking potentials among soils
having identical physical, chemical and mineralogical
properties. The lack of agreement was due mainly to the
absence of wide cracks in the field (Karathanasis and Hajek,
1985). Soils in the nonvertic subgroup, despite the absence
of wide cracks in most years, had a high shrink-swell
potential, high clay content and often caused similar damage
to engineering structure as did soils in the vertic
subgroup. Morphological properties such as thickness and
texture of the surface layer, subsoil structure, solum
thickness, so0il drainage and vegetation can significantly
change the pattern of cracking in soils by altering their

moisture deficit pattern and are believed to be the cause of
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such observed discrepancies . Another view is that the
substitution of high valence cations (Al, Fe) for low
valence cations (Ca, Mg, Na) in the exchange complex of some
montmorillonitic soils can reduce their shrink-swell
potential (DeMent and Bertelli, 1562) because such
substitutions can drastically reduce the liquid and plastic
limits of these soils (Hough, 1957). Soil swelling is also
proportional to the cation exchange capacity of clay soils
(Russel, 1961) and is influenced by specific surface area
(Gill and Reaves, 1957). Iron hydroxide, aluminum hydroxide,
and silica coatings may restrict aggregate swelling
(Mitchell, 1975).

3.3 Interstratified Minerals

Interstratification is the occurrence of
phyllosilicates structures in two or more kinds of layers in
a vertical stacking sequence, that is, along c (a line
normal to (001)). The 2:1 and 1:1 layers of clay minerals
are strongly bonded internally but relatively weakly bonded
to each other. Interstratification could be random (no long
sequence of layer types), ordered (regular sequence) or
partially ordered (intermediate between extreme cases).
Identification of different layer types and their stacking
sequence in interstratified mineral structures is difficult
by X-ray diffraction (Revnolds, 1980).

The existence of interstratified minerals has been

known for many years (Weaver, 1956). Sudo and Hayashi (1956)
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reported a complicated interstratification of kaolin
minerals and montmorillonite from an acid deposit in Japan.
They later noticed its occurrence in some other acid clay
deposits and considered the clays as alteration products
representing an intermediate alteration stage of
montmorillonite toward a kaolin and vice versa. Sudo et al.
(1964), while investigating volcanic ash beds distributed in
the Kanto plain of Japan, found a complicated interstrati-
fication as a principal constituent of the clay bed, which
was largely composed of tubular halloysite having very broad
basal peaks. Piperidine treatments yielded weak exothermic
peaks which indicated that the material from the Kanto plain
was composed of a complicated interstratification mainly of
halloysite layers (halloysite and metahalloysite).

Interstratified kaolinite-smectite has been observed in
sedimentry rocks (Sahkarov and Drits, 1973). It is also
found in Quaternery volcanic ash beds (Sudo et al. 1964),
Quaternery alluvium (Yerima et al., 1985), lower Silesia,
Poland (Wiewiora, 1973), hydrothermal deposits (Altschuler
et al., 1963) and in weathering crust of the Eocene
volcanogenic series of the Black Sea coast of Adjaria
(Slaughter and Milne, 1960). In the Yucatan Peninsula,
Mexico, volcanic ash has been altered to montmorillonite and
then to kaolinite-gmectite (Schultz et al, 1971).
Interstratified kaolinite-smectite is reported, in the

coarse clay fraction (1-2zm) as a minor phase from brown
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soils in Scotland (Wilson and Gradwick, 1972). Srodon (1980)
concluded that interstratified kaolinite-smectite is found
when montmorillonite reacts with AlCl; under hydrothermal
conditions. Anmong these examples the basal peak profiles are
diverse; most are broad for the Japanse materials while
Weiwiora's samples produced sharp, strong 0.7nm peaks.

Commonly, clay mineral interstratification occurs
between smectite and mica by the reaction (Hower et al.
1976):

smectite + A1* + K ----> illite + si®
This reaction may occur during burial metamorphism of
argillaceous sediments; a reverse reaction is likely to
occur during weathering.

A regular 1:1 interstratificataion of dioctahedral
mica-smectite is called rectorite. The most commonly
reported rectorites have Na > (Ca+K) in the micaceous,
nonswelling interlayer (Brown and Weir, 1963; Kodama, 1966)
with the net layer charge derived from Al for Si
substitution. Nishiyama and Shimoda (1981) reported a Ca-
bearing rectorite formed by hydrothermal alteration of
andesitic rock, in which the nonswelling interlayer had a
composition: Ca, , Na,; 4, K33, which compensates a layer
charge of -2.83. Pevear et al. (1989) have reported a K-
rectorite derived from the hentonites associated with the
Tulameen coalfield. Trasonite, a dioctahedral ordered

interlayer mineral (Lazarenko and Korolev, 1970) appears to
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be an interstratified illite-smectite consisting mainly of
3:1 illite-smectite units (ISII) (I=Illite; S=Smectite) with
randomly added illite units making the overall illite to
smectite ratio close to four. Formation of rectorite in
shales of north central Utah was described as an alteration
product of muscovite-paragonite during diagensis (Henderson,
1970) . Tomita and Dozono (1973) analyzed a sample from a
hydrothermally altered andesite that showed all the
characteristics of regularly interstratified mica-smectite
layers except that the mineral had an unusual tendency to
rehydrate.

Regular interstratified dioctahedral mica-vermiculite
is occasionally found in the soil clay fraction where it
clearly derives from the weathering of mica (Churchman,

1980) . Interstratified chloritic minerals occur extensively
in soils, but usually in the form of the so-called

intergrade or intergradient minerals (Jackson, 1963). These
minerals are formed frequently in acid soils following the
introduction of non-exchangeable hydroxy-aluminium into the
interlamellar spaces of expansible minerals. A regular
interstratified chlorite~vermiculite yielding a high spacing
of 2.8nm with many higher diffraction orders was described
by Johnson: (1964). He collected the material from the C
horizon of a soil developed upon metamorphosed basalt in

Pennsylvania. Similiar minerals were reported by Herbillon
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and Maknmbi (1975) that were collected from tropical soils
derived from chlorite-schist in 2Zaire.

3.4 Fundamental Particle Theory

A new conéeptual model for smectite and illite
particles was proposed (Nadeau et al., 1984,) based on
transmission electron microscopy (TEM) and X-ray diffraction
(XRD) evidence. Clays identified by XRD as interstratified
minerals are considered a physical mixture of fundamental
particles (an individual or free particle which yields a
single crystal) whose interfaces are capable of adsorbing
water and organic molecules. According to fundamental
particle theory the sequence of expandable and non-
expandable layers is determined by the thickness and
proportion of thin clay (e.g., illite) particles present
(conventional or Markovian theory considers clay ordering
relative to one another instead of thickness). Thus, in
oriented aggregates of thin illite particles, expandable
"smectite" layers are formed at the interfaces between
particles.

Nadeau et al. (1984,,,) microscopically (TEM) examined
the fine fraction (<.1um) of several smectites, interstra-
tified illite-smectite (K~rectorite) and chlorite-smectite
(corrensite) and compared the results to that of XRD. TEM
observations of dried smectite, rectorite, and corrensite
indicated that the clays were primarily composed of

particles 1.0nm, 2.0nm, and 2.4nm thick, representing only
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one unit cell thickness, respectively. Ethylene glycol
solvated samples showed an XRD basal reflection (001) of
about 1.7nm for smectite, 2.4nm for rectorite, 2.7nm for
corrensite and their respective higher orders. According to
XRD theory, samples consisting largely of very thin
particles produce virtually no Bragg reflections from their
basal planes. However, the reflections in the XRD patterns
show that the diffracting units contain nine layers in
smectite samples and five to seven layers in others. The
authors reconciled the XRD and TEM observations by
postulating that the observed XRD patterns are produced by
interparticle diffraction from the sedimented aggregates of
oriented samples. These observations led to the recognition
of the following fundamental particles: 1.0nm thick
smectite, composed of a single 2:1 silicate layer, 2.0nm
thick elementary illite, composed of two 2:1 silicate layers
linked by a single sheet of K ions and 2.4nm thick
elementary chlorite, composed of two 2:1 silicates layers
linked by a single brucite layer.

A mixture of thin particles of different layer
silicates produced an XRD pattern of randomly
interstratified minerals (Nadeau et al., 1984,), supporting
the concept that sedimented aggregates of elementary
particles form a layer sequence that exhibits interparticle
diffraction and is perceived by XRD as an interstratified

layer. Wilson and Nadeau (1985), put a postulate based on
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fundamental particle concept, which argued that different
types of interstratified minerals are formed during
diagensis and during weathering. Interstratified minerals
formed by diagensis consist of extremely fine particles and
interstratification in these cases is more apparent than
real and can be accounted for by interparticle phenomenon.
During weathering, on the other hand, interstratified
minerals tend to form by transformation reactions of
relatively coarse grained layer silicate minerals.

Regular and random interstratified mica-vermiculite
were produced by uptake (sorption) of K by coarse (2-.2um)
and fine (<.2um) fractions of Ca saturated vermiculite
respectively (Sawhney and Reynolds, 1985). TEM examination
of fine size fraction showed individual layers, while XRD
analysis suggested particles about four layers thick.
Tellier and Reynolds (1989) tested the fundamental particle
model of illite/smectite by calculating one dimensional X-
ray diffraction patterns of interstratified illite/smectite
(I/S) as fundamental particle aggregates. These calculated
patterns were compared to experimental patterns and patterns
calculated for MacEwan crystallites with a Markovian
stacking arrangement. In general, the calculated XRD
patterns of I/S as fundamental particie aggregates
realistically simulated the experimental gdiffraction
patterns. For randomly-interstratified, partially-ordered,

and short-range ordered I/S, calculated patterns of
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fundamental particle aggregates are slightly less realistic
than patterns calculated for MacEwan crystallites. For long-
range ordered I/S, the calculated patterns of fundamental
particle aggregates are more realistic than calculated
patterns of MacEwan crystallites indicating that fundamental
particle structure are closer to the actual layer sequences
of long-range ordered I/S.

3.5 Cation Exchange Capacity

The cation exchange capacity of kaolinite has been
investigated by many researchers (Schofield and Samson,
1954; Cashen, 1959; Flegmann et al., 1969; Ferris and
Jepson, 1975; Bolland et al., 1976). Various views have been
expressed by these researchers about the existence and
origin of permanent negative surface charge, distinct from
pH dependent positive and negative. Ferris and Jepson
(1975), in a very detailed study, concluded that cation
retention of kaolinite dropped to zero as the electrolytes
approach infinite dilution, indicating no permanent negative
charge. Bolland et al. (1976), however, believed that Ferris
and Jepson reached that conclusion because they had not
taken into account hydrolysis which led to hydroxy-Al
species replacing the surface sorbed cations. Most
researchers seem to accept that kaclinite has a small pH-
independent exchange capacity, approximately 1-8 cmol_ kg'1
depending on particle size. The surface charge density is in

the range of 0.11 to 2.15 Cm'2 (Bolland et al., 1976), which
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is about the same as that of smectite. Thus, it could be
expected that poorly crystalline kaolinite with a large
specific surface would have a larger exchange capacity than
the coarse grained well crystallized samples. Exchange
capacities as high as 25 cmol, kg'1 that have been reported
by some experimenters seems too high, implying specific
surfaces of the order of 250 ng'1, which are not observed
for kaolinite. Lim et al. (1980) have concluded that
exchange capacities greater than 1 cmol, kg'1 were caused by
an impurity in kaolinite, particularly montmorillonite.
Earlier, Hinckley and Bates (1960) and Bundy et al. (1966)
had a similar opinion.

Halloysites occur in a variety of morphologies,
depending on their chemical composition (Tazaki, 1982). The
usual forms reported are short and long tubes that appear to
form by scrolling one or more 1:1 layers (Kirkman, 1975,
1977) . The exchange capacity of halloysite has been the
subject of contradictory observations. Quite large values,
50 cmol, kg"l have been reported by some authors, but smaller
values of about 10 cmol, kg'1 were also obtained. The origin
of these differences appears to be salt absorption into
interlayer where it may be trapped during the washing stage
if a dehydrating solvent is used (Garrett and Walker, 1555).
Salts of alkali metals, which have a low hydration energy,
are readily sorbed into the interlamellar volume and are

desorbed when the clay is exchanged with another




26
electrolyte. Carr et al. (1978) analysed such salts-treated
1.0nm halloysite and showed that both cations and anions
were scrbed. Dehydrated halloysite (0.7nm) is less able to
intercalate salts, but ammonium and potassium acetates are
effective in concentrated solution. The proven true exchange
capacity of halloysite appears to be about 9-9.5 cmol, kg'1
(Garret and Walker, 1959), though Wada and Mizota (1982)
reported a value of 58 cmol, kg'1 for an iron~rich (1.0nm)
halloysite, this being attributed to substitution of Fe®'
for Al.

Isomorphous substitution within the 2:1 layer
structures of smectite and vermiculite minerals creates a
net negative charge; thus contributing to the high CEC of
these minerals. Broken bonds at the edges of the mineral
structure may also contribute to the CEC. For smectite, the
net charge on the layers arising from isomorphous
substitution lies between 0.50esu and 1.20esu and for
vermiculite from 1.3esu to 1l.9esu per 0,(0OH), formula unit
(Bailey, 1980,). Vermiculite has a higher CEC, about 160
cmol, kgq as opposed to 110 cmol, kg'1 for soil smectite
(Alexiades and Jackson, 1966). The CEC for ideal,
nonferruginous montmorillonite and beidellite is 135 cmol,
kg', while that for nontronite is 117 crm:vlcikg'1 (Borchardt,
1989). High charged smectite tends to have some of the K-

fixing properties of vermiculite.
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The CEC of micas is small relative to that of smectite
and vermiculite because their interlayer cations are not
exchangeable. The CEC of illite is often reported as 20 to
40 cmol, kg ' (Fanning et al. 1989).

3.6 Mineral stability

Mineral formation studies in the pure system of Al,0;-
Si0,-H,0 have revealed that mineral pairs of gibbsite-
kaolinite, kaolinite-montmrillonite and montmorillonite-
amorphous silica can be formed in intimate association,
whereas amorphous silica-kaolinite, amorphous silica-
gibbsite, and montmorillonite-gibbsite are "forbidden pairs"
(Kittrick, 1969). A mixture of three or more of these
minerals is also forbidden. Amorphous silica controls the
upper limit of silica concentration and montmorillonite,
kaolinite and gibbsite are formed at high, intermediate, and
low silica levels, respectively. The formation of gibbsite,
kaolinite, montmorillonite and amorphous silica appear to be
controlled by a combination of kinetics and equilibria
(Kittrick, 1969).

In another study, montmorillonite samples were
equilibrated in various solutions for 3 to 4 years to attain
the equilibrium from both supersaturation and
undersaturation conditions (Kittrick, 1971). Most samples
did not show a static equilibrium, yet solution composition
moved along or towards definite solubility lines in relation

to pH-1/3pAl vs pH,SiO,. Solubility line of the
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montmorillonite clay used in the experiment agreed well with
the calculated slope and intercept based on the assumption
that the solubility of montmorillonite is independent of the
exchangeable cations. A Gibbs free energy delta G of -2468.5
+0.3 Kcal/mole was estimated for montmorillonite assuming
that Fe in solution was controlled by hematite.

Stability characteristics of six Al-smectites collected
from naturally acid montmorillonitic soils were studied by
Karathansis and Hajek (1984). Standard free energies of
formations (delta G%) and solubility products (pK) of
smectites were calculated by the Mattigod and Sposito (1978)
method. Comparisons of estimated empirical pK values with
actual ion-activity products of insitu soil solutions have
indicated that smectite is stable under an extremely acid
environment as long as solution Si remains high and with low
Si/Al ratios in solution. Smectite-to-kaolinite weathering
is favbred, particularly when low solution Si is not
compensated by relatively high pH. Partial alteration of the
smectite structure in response to changes in solution
composition commonly results in Al-hydroxy interlayering and
a build up of excess structural OH . There will also be a
change in delta Gﬂ which may prolong the existence of
smectite in soil zones with advanced weathering.

Karathanasis et al. (1983) explained the distribution
of hydroxy interlayered vermiculite (HIV), kaclinite, an

gibbsite in soil profiles of Ultisols based on their
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relative solubilities. A plot of the soil solution ion
activity functions on a stability diagram indicates that all
solutions are supersaturated with respect to reference
kaolinite. Only a few surface soils containing gibbsite had
solutions oversaturated relative to gibbsite. The solubility
product of HIV was very close to its estimated pK,
indicating a near equilibrium condition with this mineral.
Although the HIV appeared to be metastable relative to
reference kaolinite, the data indicated a possible
equilibrium, thus indicating that there may be a coexistence
of the two minerals with an HIV stability field below or
above that of soil kaolinite, depending on the degree of Al-
hydroxy interlayering.

Aagaard and Helgeson (1983) argued that standard molal
Gibbs free energy of formation measured experimentally from
elements for nonstoichiometric minerals of a specific
composition or estimated from cation-exchange data and water
compositions, hardly represent a wide range of naturally
observed mineral compositions. However, mixing the equations
which consider precisely both independent and coupled
compositional variation on tetrahedral, octahedral, and
exchange sites in minerals, can afford generality and
represent accurately the relative stability of naturally
occurring multi-component highlv variable compositional
minerals on two-dimeﬁsional activity diagram (Helgeson &

Aagaard, 1985). These researchers generated a stability
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diagram using a random mixing approximation for equal
interaction of cations on equivalent structural sites in
illite, smectite, and mixed layer clays at 25° C, 1 bar and
unit activity of H,0 and observed a close approximation of
both mineral and water compositions in geologic systems. The
activities of thermodynamic components of clay minerals were
calculated from chemical analysis.

3.7 8welling Potential and Swelling Pressure

Swelling potential is defined by Seed et al. (1962)
as "percent swell of a laterally confined sample upon
soaking under 6.9KPa (1-psi) surcharge after being compacted
to maximum density at optimum water content in the standard
AASHO (American Association of State Highway Officials)
compaction test". Correlation among soil swelling
properties and soil index properties such as Atterberg
limits, activity, and percentage of clay has been reported
in the literature. Seed et al. (1962) conducted a number of
tests on artificial soils prepared by mixing reference clay
minerals and sand in different ratios. They proposed a
simplified method for the prediction of swelling potential.
According to them, plasticity index of a soil alone can
preovide an assessment of swelling potential within %35 %
error; this single factor method is suitable for most
practical purposes. The following simplified relationship
was established: (by Seed et al. 1962)

s = (K) (N) (pI®%)
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where swelling potential _
constant (3.6 x 10°7)
constant

(60 for natural soils; 100 for tested soils)

PI= plasticity index

5
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Shrinkage index, the range of water content between liquid
limit and shrinkage limit, has also been used as another
simplified method to evaluate swell characteristics
{qualitative & quantitative) of expansive soils (Ranganatham
and Satyanarayana, 1965). Dakshanamurthy and Raman (1973)
used previously reported research data plus data from fifty
soils from different tracts in southern India to evaluate a
method by which a modified plasticity chart involving liquid
limit, plasticity index and shrinkage index for the identi-
fication of expansive soils could be used. The method was
simple and in general agreed with earlier reported methods.
ASTM (American Society for Testing and Materials)
(1986) defined swelling pressure as "the pressure which
prevents the specimen from swelling or that pressure which
is required to return the specimen back to its original
state (void ratio, height) after swelling.™ A substantial
vériation in swelling pressure had been reported with
variations in the chemical nature of the immersing water; a
maximum swelling pressure was recorded for distilled water
Hardy, 1965). Effects of soil structure, surcharge
pressure, and initial water content on swelling pressure
were evaluated by Shanker et al. (1982). They cbserved that

in-situ swelling behavior was anisotropic in nature.
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Swelling pressure and free swell of undisturbed soil were
higher than those of remolded samples and was higher in the
vertical direction than in the horizontal direction. They
also observed that the swelling pressure was insensitive to
changes in the initial surcharge pressure and moisture
content, while the percent swell was sensitive to such
changes. Thousands of swell tests on various kinds of
expansive soils led Chen (1988) to suspect that the swelling
pressure is the built-in property of expansive soil that is
unaffected by either placement or environmental conditions.
His study revealed that the swelling pfessure was
independent of the surcharge pressure, the initial moisture
content, the degree of saturation, and thickness of stratum
but not of the initial dry density. The swelling pressure
increased with the increase of initial dry density.

Three expansive Hawaiian soils were investigated for
their swelling behavior (Rajakaruna, 1987). Whereas the
liquid limit and plasticity index proved to be reliable
parameters for predicting swell potential, shrinkage limit
alone was not adequate for this purpose. The swelling
pressure of a particular soil was dependent on a single
parameter i.e. initial void ratio. The following empirical

relationship was developed: (by Rajakaruna, 1987)

log SP = 4,4467 - 1.9436¢, + 0.0234C
where SP = swelling pressure {pounds/sg.ft
e, = initial void ratio
C = clay content (percent)
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4. MATERIALS AND METHODS

The Waihuna and Honouliuli so0il series, classified as
kaolinitic Vertisols (Soil Survey Staff, 1975), and the
Lualualei series, classified as montmorillonitic Vertisols,
were selected for this study:; the latter serves as a
benchmark Vertisols. Using the published soil survey (1972),
the sample sites were located, and the Waihuna soil was
collected on Lanai and Molokai, while the Honouliuli and
Lualualei soils were collected on Oahu (Figure 4.1). Bulk
samples by depth were carefully collected (at least one
profile from each island) to avoid any possible
mineralogical or chemical alteration and were sealed in
double polyethylene bags at the site. They were then stored
in a cool place to avoid moisture loss. Soil samples were
characterized physico-chemically and mineralogically as
follows:

4.1 Physical Analysis

Soil physical properties are good indicators of
shrink-swell behavior of a soil. The swelling potential of
the soils under study was correlated with water retention,
plasticity index, swelling pressure, and percent swell.
4.1.1 Water Retention (1.5 MPa)

The pressure plate method was used to determine 1.5MPa
water (Richards, 1965). Triplicates of teaspoon-size samples
were placed in a retainer ring on a porous plate. The plate

was covered with water and equilibrated overnight. The
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excess water was drained away and the plate was placed in a
pressure apparatus. Pressure was applied gradually until the
desired pressure (1.5MPa) was reached. Samples were removed
for immediate moisture determination at the achievement of
equilibrium (i.e cessation of outflow).
4.1.2 Plastic Index

Plastic index is the difference between liquid limit
and plastic limit. The liquid 1limit is the water content at
which a soil turns from a viscous to a plastic state. The
plastic limit is the water content at which a soil turns
from a plastic to a near elastic state. Liquid limit and
plastic limit were measured by the methods of ASTM 1985,
page 767.
4.1.2.1 Liquid Limit

The soil was brought to a fairly stiff paste by mixing
with deionized water. A liquid limit device cup was filled
about two-thirds full with prepared soil. The sample was
then smoothed off parallel to the base of the cup. A groove
in the soil pat was formed by drawing the liquid limit tool,
beveled edge forward, through the soil on a line joining the
highest point to the lowest point on the rim of the cup.
The crank of the machine was turned at a rate of two blows
per second. The liquid limit was attained when the groove
closed over a length of 1/2 inch with 25 blows of the

machine.
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4.1.2.2 Plastic Limit

A known amount of soil was thoroughly mixed with
deionized water and then rolled onto the glass plate by
hand. When the soil was rolled into a thin wire about 1/8
inch in diameter and broke into pieces 1/2 inch long, the
plastic limit was assumed to have been attained - at that
point the moisture percentage was calculated on an oven dry
basis.

4.1.3 Swelling Pressure and Percent Swell

Swelling pressure is the pressure required to
consolidate a soil sample to its original void ratio after
being subjected to swelling under an initial small stress
increment in a consolidation test (free swell test).
Alternately, it is the maximum stress on the sample to
prevent any swell and keep the sample at its initial void
ratio (constant volume).

The swelling pressure was measured by oedometer tests
(ASTM, 1986, page 992) by keeping the volume constant and
also by allowing the soil to swell freely. A known amount of
soil sample was compacted by a static load into a
consolidator ring having a diameter of 2.5 inches and an
internal height of 1 inch. The sample height was kept 0.75
inch to ensure that it remains laterally confined throughout
the test. The Scil Test consolidometer was used for both

constant volume and free swell tests. Compressibility was
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measured with a smooth brass disk having the same dimensions
as a compacted soil sample.
4.1.3.1 Constant Volume Test

Upon placement into the apparatus, the initial height
of the sample wa; recorded within 5 minutes while
maintaining a seating pressure of 0.96KPa (20 psf (pounds
per square foot)). Then the horizontal loading arm of the
consolidometer was locked in position and the sample was
inundated with deionized water. The swelling pressure was
allowed to build up against the restrained loading arm.
Swelling (based on free swell test) was assumed to be
completed after 24 to 36 hours. After the completion of
swell, the clamps were slightly loosened and weights were
added to bring back the gauge reading to the initial wvalue.
Vertical pressure of approximately 6, 12, 24, 48KPa, (125,
250, 500, 1000psf) etc., was applied with each pressure
maintained constant in accordance with test method D2435
(ASTM, 1985). The duration of each load increment was equal.
When a succeeding load increment resulted in a decrease in
sample height, the clamps were completely released and
sample was allowed to consolidate. Additional sufficient
load increments were made to define the maximum point of
curvature on the consolidation curve. The void ratio was
plotted versus the logarithm of the vertical pressure after

accounting for the apparatus compressibility factor.
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4.1.3.2 Free Swell Test

A seating pressure of 0.96KPa (20 psf) was applied to
record the initial height of the sample. The seating
pressure was increased to 6KPa (125 psf) and deformation was
read within 5 minutes of applying the additional seating
pressure. The specimen was inundated immediately after the
deformation was read and periodic readings were recorded.
The swelling was considered complete when the swelling rate
was 0.0001 inch/hr or less. After the completion of swell, a
vertical pressure of 12, 24, 48KPa (250, 500, 1000psf),
etc., was applied in steps, until the specimen was
consolidated to less than its initial height. The duration
of the each load increment was equal.

Free swell at seating pressure relative to the initial
void ratio was calculated as:

delta h/h; x 100 = e,, - ¢,/1+e; X 100

se
where delta h = change in specimen height
h, = initial specimen height
e, = void ratio after stabilized swell
e, = initial void ratio
4.1.4 Bulk Density
Bulk density and particle density were determined by

methods outlined in Methods of Soil Analysis, Part 1 (1986).

Results were eyxpressed on an oven-dry basis,
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4.2 Chemical Analysis

The soil solution was collected by a centrifugation
method (Adams, et al., 1980., Wolt and Graveel, 1986) in
which approximately 300g of moist soil (at field capacity)
was placed into a modified Buchner funnel lined with a
Whatman #42 filter paper, and centrifuged at 500 g for 30
minutes. An air tight cup was used to collect the soil
solution. Its pH was then immediately measured (to avoid
error due to CO, loss). The soil solution was filtered
through a 0.45um pore membrane to eliminate microbial
activity before chemical analysis.

Soil solution cations (Al, Ca, Mg, K, Fe, Mn, 2Zn, etc)
were measured by atomic absorption (AA) spectroscopy (Hue
and Evans, 1986). Phosphate was determined colorimetrically
by the phospho-molybdate blue method (Watanable and Olsen,
1965) and other anions (so,f' , C1°, NOy') by ion
chromatography. Silicon was determined colorimetrically by
the silico-molybdate method of Kilmer (1965).

Cation exchange capacity (CEC) and exchangeable cations
were determined by saturating the soil with NH,” from 1N
NH,0OAc solution, pH 7.0 (Chapman, 1965). Excess salt was
removed by washing with methyl alcohol, and the adsorbed
NH, was extracted with KC1 (4%). The extracted ammonium was

determined by the Kjeldahl distillation method.
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Organic carbon was determined by dry combustion (Nelson
and Sommers, 1982) using a LECO Carbon Analyzer, model WR-
112.

Soil pH was determined in a 1:1 soil:solution (McLean,
1982) with both deionized water and 1M KCl. The samples were
allowed to equilibrate 30 minutes with occasional stirring
before the pH was measured.

4.3 Mineralogical Analysis

Mineralogical analysis has often been improved by the
removal of free iron oxide, organic matter, soluble salts,
and calcium carbonates. Removal of iron oxides and
hydroxyoxides prior to X-ray analysis is, however, not
desirable for most tropical soils. This is because these
minerals are important to chemical and physical properties
of tropical soils.

The soil samples in the present study were split into
two subsamples with and without free iron. The sodium
dithionite-citrate procedure of Kittrick and Hope (1963} a
modification of the method proposed by Mehra and Jackson
(1960) was used to remove free iron.

4.3.1 Particle Size Segregation

Mineral analysis was often carried out on clay-sized
fraction. Clay-sized fraction was separated by ultrasonic
dispersion and centrifugaticn (Jackson, 1969). The

effectiveness of ultrasonic vibration of soil suspensions,
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with minimum or no chemical pretreatment, has been
demonstrated by a number of researchers in recent years
(Carroll, 1970., Genrich and Bremner, 1972). The clay
fraction (<2pm) was further separated into coarse (2-.2um)
and fine (<.2um) fractions because of the tendency of
specific minerals species to concentrate within specific
size fraction of clay as a result of their resistance to
chemical weathering.

4.3.2 Saturation of Exchange Complex

Subsamples were saturated with Mg and K to distinguish
among different 2:1 clay minerals and to determine shrink-
swell characteristics of minerals. Magnesium allows
relatively uniform interlayer adsorption of water by
expansive phyllosilicates and K specifically restricts
adsorption of water. K saturation followed by heat treatment
produces collapsed mica-like structure in 2:1 clay minerals.
Mg saturation in conjunction with solvation expands the d-
values of smectite clays.
4.3.3 X-ray Diffraction

Following the paste sample preparation method of
Theisen and Harward (1962), saturated and unsaturated
samples were mounted on glass slides for X-ray diffraction
analysis. Heat and solvation treatments were used for
selected samples. A schematic presentation of the approach

is shown in Fiqure 4.2.
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Figqure 4.2 PFlow chart summarizing XRD sample treatments

X-ray diffraction was carried out with a Philips
Norelco diffractometer with a long fine-focus copper target
X-ray tube operated at 40kV, 45 mA. A curved graphite mono-
chrometer was used in the diffracted beam as a KB filter.
X-ray diffraction intensities were collected by step
scanning the specimens from 2° to 20° 2-theta with a step
size of 0.025° 2-theta and with a 4 sec. counting time per
step. Data was collected by a computer and stored on a disk
for further processing.

4.3.4 Electron Microscopy

Dispersed clay size particles were studied by

transmission electron microscopy (TEM). Samples were

prepared (Brown, 1964) as fcllows:
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A large petri dish was filled with deionized water and
a straight-edged ruler was brushed across the top to remove
any dust particles on the surface. A drop of collodion
(cellulose nitrate) mixture (collodion & amyl acetate 1:3)
was released from a dropper onto the water surface. Nine to
twelve copper grids, the shiny side up, were placed on a
screen and the screen was moved through the water underneath
the collodion film carefully, so as not to break the film.
The screen was lifted vertically upward with extra care
through the water in order to coat the grids with the film.
The screen was placed on a filter paper in a covered
petridish for drying.

After drying, the film was carbon coated. Thin films of
carbon were prepared by evaporation from a carbon arc in a
high vacuum. Test pieces of white filter paper were placed
in the chamber to determine the correct exposure time by
monitoring their color. Collodion film was removed by
dipping each grid individually in high purity acetone after
carbon coating. Grids were placed on filter paper for
drying.

Specimen grids were prepared by nebulizing a suspension
of clay onto carbon coated 400 mesh copper grids.

4.3.5 Specific Surface Area
The Brunauner-Emmett-Teller (BET) method is a most

commonly used procedure for measuring the specific surface
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area of clays. It involves adsorption of nitrogen gas at low
temperature. A difficulty arises in measuring surface area
of soils containing 2:1 expanding type minerals by this
method. These minerals have internal surfaces, in addition
to external surfaces, which are not accessible to nitrogen.

Kinter and Diamond (1956) introduced a simplified
procedure for estimating surface area of layer silicate
minerals. The method is based upon adsorption of glycerol to
form monomolecular layer over the entire surface. Smectite
forms a stable complex with glycerol at high temperature
(110° C) in the presence of free glycerol vapors. The
monomolecular layer of glycerol occurs in the interlayer
spacing of most layer silicates.

The specific surface area of the selected samples from
the soils under study was measured by glycerol retention
(Polar Liquids) principle. Approximately 0.2 gram of clay
fraction (<2ym) was air dried and pulverized to pass a 200-
mesh sieve was placed in a preweighed aluminum foil dish,
dried at 110°C (about 2 hours) to a constant weight, cooled
in air for 30 seconds and weighed within the next 30 seconds
on an analytical balance. Five ml of glycerol solution (2
percent, in deionized water) was added to the dish and the
dish was swirled gently to mix and distribute the mixture
evenly, The specimen was then placed in an oven containing a

source of free glycerol and heated at 110°C to constant
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weight. Glycerol retention was calculated as a percentage of
the oven-dry weight of the clay. All weighing was made to
0.1lmg. A blank was included with each group of specimens.

Glycerol retained on the external surfaces was
estimated by heating the sample to 600°C to irreversibly
collapse the expanding lattice before the addition of
glycerol solution. Internal surface adsorption was
considered as the difference between the values at 110°C
with and without pretreatment at 600°C. External area was
calculated by multiplying the "external glycerol retention
by 17.65. Internal surface area was obtained by multiplying
internal retention by 35.3. Internal retention is a
difference between total and external glycerol retention.
Since the layer of glycerol is between two basal surfaces of
the clay, the internal surface covered by the monolayer is
twice the area of the monolayer itself (35.3 m’g ').

Area of glycerol film was calculated by Diamond and
Kinter (1253) as follow:

Area of glycerol layer= Volume/;[‘hickness_8

= 0.794gm / 4.5x10 cm
= 1765m 2 -1
(percent glycerol retention = 17.65mg )
4.4 cCurve Fit

Data collected by X-ray diffraction were curve-fit and

unresolved peaks were deconvoluted by the use of a

constrained Levenberg-Marquardt algorithm (Levenberg, 1544.,

Marquardt, 1963., Jones, 1989). The amount of each mineral
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present in the sample, the mean crystallite size and degree
of crystallinity of each mineral were measured. Each peak
shape was described by a single and split pseudo-voigt
function (Henke and Taniguchi, 1976), which is a
matheratical combination of two sperate functions: Cauchy
(small crystallite sizes) and Gaussian (a measure of
structural strains). The voigt function was then
deconvoluted so that contribution to the peak width due to
the effects of small crystallite and structural strain could
be separated (Jones, 1981). As a result, peak deconvolution
allowed the determination of the mean diffracting domain
size of each mineral phase in the soil. Curve fitting also
allowed a precise calculation of the area under each peak,
which represents the quantity of the mineral phase in a soil
(Jones et al., 1982). Quantitative comparisons were, thus,
made between soil samples on the basis of integrated peak
intensities (areas under the peaks) and by estimating the
amount of each phase present via "external standard"
mixtures.

4.5 8imulation of XRD
A computer program "NEWMOD2" was used to calculate X-
ray diffraction intensities of interstratified clays.
NEWMOD2 is the latest version (1985) of the MOD series
written in TRU BASIC by R.C. Reynolds; Jr.. Diffraction

profiles of completely randomly (R=0) interstratified
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mixtures of mica and smectite (one water & two water) and
kaolinite and smectite (one water & two water) were
simulated. These simulated XRD patterns were combined, using
MIXTURE (another program), in different proportions to
compare with the actual ones. This approach was adopted to
confirm the presence of mica/smectite and
kaolinite/halloysite/smectite interstratification in the
kaolinitic Vertisols.

Accurate interpretation of the proportion of layers and
interlayering type in illite-smectite is possible when using
both peak position and comparison of low angle diffraction
characteristics with calculated profiles. Reynolds and Hower
(1970) precisely duplicated illite-smectite XRD patterns by
calculating one-dimensional diffraction profiles. In another
study, XRD patterns of many interstratified mica~glycolated
smectite were calculated and a fairly good agreement was
observed between calculated and measured XRD patterns

(Tomita et al. 1988).
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5. RESULTS AND DISCUSSION
5.1 Preliminary Mineralogical Investigation

Mineralogy often controls the shrink-swell properties
of Vertisols. Therefore, a mineralogical survey was
conducted as a first step in understanding the problem.

Less than 325-mesh bulk powder XRD specimens of the
Waihuna (type locality) series from the island of Lanai
(Figure 5.1 A, B & C) showed no evidence of smectite. The
only phyllosilicate present was halloysite(dehydrated)/
kaolinite as identified by a 0.735nm XRD peak. The XRD
patterns (Figure 5.1) were almost identical throughout the
profile showing uniformity of the soil.

Based on the above observations and a prior knowledge
of the phyllosilicates present in clay fraction (<2um), a
mineralogical survey of the Waihuna series on the island of
Molokai was conducted on the whole clay fraction (<2um). Two
soil profiles from Molokai, cultivated (MC) and uncultivated
(MUC), were analyzed. XRD patterns of the Waihuna
(cultivated) are shown in Figure 5.2 A & B. Qualitatively,
XRD patterns in Figure 5.2 are identical to those in Figure
5.1. Also, except for a small variation at lower depths, XRD
patterns in Figure 5.3 A & B of the uncultivated Waihuna
from Molokai yielded similar results. XRD peaks from samples
collected from 60-75cm and below were much broader at low
diffraction angles than samples from higher horizons an

were relatively asymmetric. Halloysite/kaolinite peaks decay
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Figure 5.2 XRD patterns of clay fraction (<2um)
of Waihuna (cultivated) from Molokai

slower towards lower angles than on the higher angle side of
the peak (Figure 5.3 B). There was, however, no clear
evidence for the presence of smectite in either of the
profiles.

The whole clay fraction (<2um) failed to yield
mineralogical evidence that could explain the shrink-swell
behavior. The whole clay fraction was, therefore, divigded

into two fractions by carefully separating the centrifuged
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sample into what is referred to as the coarse clay (2-

0.2;m), and fine clay (<.2um).
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Figure 5.3 XRD patterns of clay fraction (<2um)
of Waihuna (uncultivated) from Molokai

Fractioning clay by centrifuge yielded desirable
results on the Honouliuli series, which is a kaolinitic
Vertisol found on the Ewa plain on Oahu. XRD patterns in
(Figure 5.4 A & B) of this soil show that the 1.6nm peak

produced by the fine clay fraction is considerably wider
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than the same peak produced by the coarse clay fraction,
indicating that smectite crystallites are much smaller in
the fine clay fraction than in the coarse clay fraction.
Selected samples of the Waihuna (type locality), Waihuna
(cultivated), and Waihuna (uncultivated) series were also
fractionated into coarse clay and fine clay; their XRD
patterns are in the Appendix (Figures 7.1 to 7.8). Also
included in Appendix are XRD patterns of the Lualualei
series (a montmorillonitic Vertisol) for comparison.

Typical examples of XRD patterns of coarse clay and
fine clay fractions are shown in Figure 5.4 A & B. XRD
patterns of the Honouliuli series clay fraction (Figure 5.4
A) showed a distinct 1.6nm peak confirming presence of a
moderate quantity of XRD detectable smectite. The coarse
clay and fine clay fractions of the Honouliuli series
yielded essentially identical XRD patterns. On the other
hand, the Waihuna series samples showed no evidence of
smectite in the clay fraction. There was a slight contrast
between XRD patterns of the coarse clay and fine clay
fractions of the Waihuna soil (Figure 5.4 A & B) which was
further pursued. The coarse clay fraction of the Waihuna
(type locality) and (uncultivated) produced a broad 1.54nm
peak and a sharp 1.0nm peak. The coarse clay fracticn of the

Waihuna (cultivated) produced only a small 1.0nm peak

Hh

(Figure 5.4 B). The production of the 1.54 and 1.0 nm peaks

by the coarse clay fraction of the Waihuna (type locality)
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and (uncultivated) samples indicated the possible presence
of smectite and mica. With such weak peaks, however, more

substantial evidence was needed for positive identification

of smectite and mica.
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Figure 5.4 Representative XRD patterns of fine clay (<.2um)
and coarse clay (2-.2um) fractioms

Preliminary mineralogical investigation did not provide

clear evidence for a mineralecgical cause of the shrink-swell

behavior of the Waihuna series. Therefore, a decision was
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made to evaluate the swelling potential by measuring other
important physical properties.

5.2 Physical Characteristics

Bulk density, 1.5MPa water holding capacity, plasticity
index (plastic limit & liquid limit), swelling pressure and
percent volume change were measured. The results of these
tests are presented in Appendix, Table 7.1. Similar to
mineralogical data, there was little variation among the
samples within a given profile. Therefore, volume change and
swelling pressure were made on only selected samples. The
results were compared with those of the Lualualei series
which contained over 50 percent smectite.

Water holding capacity of 1.5MPa varied slightly among
samples. Values ranged from 21% to 37.5% of water holding
capacity. Honouliuli series had the lowest 1.5Mpa water
holding capacity presumably because of low clay content,
whereas Waihuna (uncultivated) series had the highest. There
was a gradual increase in 1.5Mpa water retention with depth
in all but the Honouliuli series. Similar observations were
made for plasticity index (PI) [liquid 1limit minus plastic
limit], a parameter most frequently used by geotechnical
engineers for evaluating the swelling pressure of soils. The
Honouliuli series had a lower PI as compared to the Waihuna
and Lualualei soils. The Waihuna series had a much higher

PI, even higher than the Lualualei series which contained
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more than 50% smectite. PI ranged from 13 to 68% in the
Waihuna soil, and increased progressively with depth.

Bulk density (Appendix-Table 7.1) varied from 1.33 Mg-
3

m™> for the Waihuna (type locality) profile to 1.67 Mgm™ for
the Honouliuli series and varied slightly with depth within
a profile. jenerally, bulk density increases with depth
because of increasing overburden and decreasing disturbance.
Differences among the series might be due to a variation in
total clay content and the proportion of particle fines to
coarse materials.

Particle density was similar among the different soil
series. The Waihuna (type locality) has an average particle
density of 2.8 Mgmq; Waihuna (cultivated) and Waihuna
(uncultivated) had 2.95 Mgm >, and Honouliuli 3.1 Mgm™.

These values were greater than those reported for most soils
(2.5-2.8 Mgmg). High percentage of iron oxide and other
heavy minerals is a reasonable explaination.

Surface samples and samples at selected depths were
characterized for their swelling pressure and percent volume
change from air dry to field saturated conditions. Void
ratio (volume of pores/volume of sol}ds) was used as a key
parameter to compare results; it was kept constant (close to
1.06) for all samples. Swelling pressure was measured by two
independent methods: constant volume test and free swell

test, (Fiqure 5.5). The swelling pressure values obtained
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from the two different methods agreed well (Appendix-
Table7.1). The swelling pressure increased from surface to
subsurface probably because of a higher organic matter
content at the surface. A similar trend was observed for
volume change.

An experiment was conducted to evaluate the
contribution of halloysite to the swelling potential of
kaolinitic Vertisols. Standard halloysite (halloysite--100%)
was tested for its swelling pressure, and percent volume
change at air dry, 40°c, and 60°C. The data (Appendix-Table
7.1) revealed that halloysite was not contributing
significantly to the shrink-swell behavior. Standard
halloysite had a swelling pressure of 18.2KPa, 24.0KPa, and
15.6KPa at air dry, 40°C, and 60°C, respectively. The
highest swelling pressure and percent swell were observed at
40°C probably because of the partially dehydrated nature of
halloysite. Percent volume change was 1.6, 2.4, and 1.5 for
air dry, 40°c, and 60°c, respectively.

Important phyical properties are summarized in Table
5.1 and presented graphically in Figure 5.6 for the
visualization of the shrink-swell potential using the
Lualualei series as a benchmark. Figure 5.6 reveals that all

soil series have similar 1i.5MPa water holding capacity which

=

s slightly lower in the Honouliuli. Similar values of
plasticity index were alsoc cbtained for all soil series.

Fluctuation in the plasticity index probably correspond to
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Table 5.1 Selected Physical Properties
of Kaolinitic Vertisols vs. a Montmorillonitic Vertisol

Soil series Location Depth 1.5MPa Plastic Swell Swelling
Water Index Percent Pressure

F.S. C.V.
cm £ 3 % -- KPa --
Lualualei Oahu 40-50 26 29 15 53.9 45.5
Honouliuli o©Oahu 40-60 21.5 17 5 23.9 21.1
Waihuna(TL) Lanai 31-56 29 29 13 134.0 131.7
Waihuna Molokai 10-20 28.5 44 12.5 69.4 71.8
(uncultivated)
Waihuna Molokai 20-40 27.5 32 9.3 64.7 62.3
(cultivated)
-;‘. S. ;_Free Swell o “E-.-v. =-Eonstant Volul;; ----------

the clay content of the samples, the most noticeable
deviation being for the Honouliuli series.

Percent swell (percent volume change) and swelling
pressure give a direct assessment of the shrink-swell
potential of a soil. The Waihuna series has a higher
swelling pressure than the Lualualei with only 2 to 3% less
volume change (Figure 5.6). The Honouliuli series, however,
has a much lower shrink-swell potential than the Lualualei
series. Lualualei, a montmorillonitic Vertisol, has the
highest percent swell (15%) with a swelling pressure of 53
Kpa; the Waihuvna series, 7 to 13% swell and 48 to i34 KPa
swelling pressure; the Honouliuli, 4 to 5% swell and

approximately 24 KPa swelling pressure.
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Figure 5.6 Representative physical characteristics
of kaolinitic Vertisols

Consolidation measurements showed that the kaolinitic
Vertisols have a shrink-swell potential that is equal to or
greater than the swelling pressure of the Lualualei series.
There was no apparent correlation between XRD detectable
smectite and percent swell or swelling pressure. For
example, the Honouliuli soil with higher XRD detectable
smectite showed much lower shrink-swell potential than the
Waihuna series with only traces of XRD detectable smectite.
Perhaps chemical factors might contribute to shrink-swell

behavior of Hawaiian kaolinitic Vertisols. Thus, detailed
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chemical characterization of these soil profiles was studied
next.

5.3 Chemical Characteristics

The soils were characterized for selected chemical
properties (Table 5.2). The primary objective was to find a
correlation, if any, between the shrink-swell potential and
the ionic strength of the soil solutions, exchangeable Na,
or other chemical properties.

The Lualualei series contained a low organic carbon
content ranging from 0.48 to 0.50%. The soil was alkaline,
PH (H,0) were 7.8 to 8.1; pH (KCl) values were lower and
gave delta pH values close to -1.0, indicating negative
charge. Exchangeable bases were high; the total bases ranged
from 58 to 70 cmol_ kg™' soil. Surface horizons were low in
exchangeable Na compared to subsurface horizons. A possible
explanation for lower CEC (NH,OAc) than total bases was the
dissolution of the solid phase. The soil solution was more
concentrated at the subsurface than the surface. Ionic
strength values ranged from 0.02 to 0.14 M.

The Honouliuli series contained more organic carbon in
the surface horizons than in the subsurface horizons similar
to the Lualualei series. Organic carbon content ranged from
6.18 to 1.09%. The soil was near neutral to slightly
alkaline; pH (H,0) ranged from 6.9 to 7.3. Delta pH values
were less than -1.0 indicating a net negative charge con the

colloid surface. Exchangeable bases were high but decreased



Table 5.2

Chemical characteristics of soils under study
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pH(1:1)

Organic
carbon

water

KCl

Delta Exchangeable cations NH,OAc
pH Ca Mg K Na Sum CEC

Ionic
strength

-------------------------------------------------------------------------------------------------

2-20
20-40
40-50

0-20
20-40
40-60
60-80

0-17
17-3
31-56
56-93
93-113

113-133
133-153
153-173
173-201
201-226
225-250

0.50
0.48
0.60

1.09
0.85
0.34
0.18

8.08
7.92
1.75

7.25
7.18
7.02
6.92

5.62
6.34
6.44
6.66
5.87
5.51
5.63

6.98
6.98
7.00

6.61
6.29
6.10
6.02

4.90
5.42

Lualualei(Hakimo Road) Series
-1.10 34.43 18.40 0.61 4.44 57.88 47.48
-0.94 35.22 19.05 0.56 9.60 64.43 48.04
-0.75 35.14 18.96 0.71 14.43 70.26 48.48
Honouliuli(Sugarcane Field) Series
-0.64 15.85 15.00 0.31 2.48 33.64 41.48
-0.89 14.71 14.71 0.20 2.25 31.87 36.16
-0.92 12.90 13.70 0.26 2.52 29.38 34.30
-0.90 12.37 13.71 0.15 2.48 28.71 30.76
Uaihuna(Type Locality) Series
-0.72 10.72 5.88 2.61 0.25 19.16 23.32
-0.92 10.47 6.61 1.17 0.31 18.56 20.7M

-0.84 9.45 6.77 0.58 0.52 17.32 24.89
-0.94 7.12  6.73 0.29 0.41 14.55 21.90
-0.53 479 6.09 0.25 0.39 11.52 17.76
-0.29 4.19 6.34 0.29 0.48 11.30 17.91
-0.63 3.79 6.36 0.36 0.59 11.10 18.46
-0.83 3.75 6.34 0.49 0.57 11.15 19.75
-0.44 3.47 6.66 0.49 0.66 11.28 16.94
-0.42 3.43  6.99 0.51 0.89 11.82 15.80
-0.69 3.38  7.43 0.43 0.95 12.19 23.62

0.0209
0.0616
0.1383

0.0448
0.0246
0.0266
0.0319

0.0080
0.0041
0.0058
0.0039
0.0029
0.0028
0.0027
0.0027
0.0026
0.0027
0.0025
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pH(1:1)

Depth

Organic
carbon

water

KCl

Delta Exchangeable cations NH,OAC
pH Ca Mg K Na Sum CEC

Ionic
strength

0-20
20-40
40-60

80-100
100-120
120-140
140-160
160-180

0.38
0.31
0.14
0.31
0.30
0.29
0.29
0.23
0.19

0.48
0.39
0.42
0.34
0.24
0.17

4.49
4.55
4.50
4.49
4.48
4.44
4.42
4.44
4.39

4.78
4.75
4.52
4.51
4.43
4.37

3.58
3.55
3.50
3.50
3.49
3.46
3.40
3.39
3.35

3.73
3.Nn
3.63
3.55
3.42
3.34

Uailnma(Cultivated) Series

-0.9 3.06 5.26 0.45 1.56 10.31 19.23
-1.00 2.79 5.24 0.11 1.87 10.01 20.67
-1.00 2.54 5.14 0.11 2.18 9.97 22.19
-0.99 2.40 4.99 0.10 2.40 9.89 21.24
-0.99 2.4 4.96 0.12 3.07 10.56 19.99
-0.98 2.50 4.90 0.14 3.43 10.97 21.83
-1.02 2.47 5.12 0.15 3.91 11.65 22.88
-1.05 2.69 5.11 0.16 4.41 12.32 24.22
-1.04 2.76 5.43 0.19 4.72 13.10 25.86

Uaihuna(Uncul tivated) Series

-1.05 3.82 10.74 0.17 2.46 17.19 22.81
-1.04 4.23 12.02 0.14 3.48 19.87 21.92
-0.89 4.10 11.78 0.15 3.81 19.84 22.7M
-0.96 4.43 12.99 0.14 7.65 25.21 24.07
-1.01 5.17 14.64 0.14 10.28 30.23 25.05
-1.03 5.26 14.41 0.15 11.06 30.88 35.86

0.0054
0.0059
0.0062
0.0077
0.0087
0.0093
0.0101
0.0100
0.0104

0.0059
0.0075
0.0169
0.0207
0.0260
0.0272
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with depth. Total bases ranged from 28.7 to 33.6 cmol, kg
soil. Exchange sites were dominated by Ca & Mg. CEC (NH,OAc)
values were between 30.8 and 41.5 cmol_ kg ' soil. High CEC
at surface could be related to high organic matter. Ionic
strength values were low (0.05 to 0.025M) as compared to the
Lualualei series with the exception of the surface horizon.

The Waihuna series had slightly different chemical
properties than the Honouliuli or Lualualei series. The
Waihuna series were acidic with relatively low exchangeable
bases. The Waihuna (type locality) series contained low
organic carbon which ranged from 1.20% in the surface
horizon to 0.26% in subsurface horizons. The upper horizons
were slightly acidic with pH (H,0) values between 5.6 and
6.7. The subsurface horizons were moderately acidic with pH
(H,0) values between 5.4 and 5.9. Delta pH values were all
negative. Total exchangeable bases varied from 19.16 to
11.10 cmol, kg' soil. Surface horizons were higher in Ca,
Mg, and K than subsurface layers. Ca and K concentrations
decreased with depth while Na showed an increase. CEC
(NH,OAc) was slightly lower than the Honouliuli series;
values ranged between 17 and 24 cmol, kg ' soil. Ionic
strength which varied from 0.0025 to 0.0080 M was much lower
than in the Honouliuli and Lualualei series . The chemical
characteristics of the Waihuna (type leocality) typified a

relatively weathered soil profile.
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Waihuna (cultivated) and Waihuna (uncultivated)
profiles collected from the island of Molokai were also
chenmically characterized. The Waihuna (cultivated) contained
0.19 to 38% organic carbon. The soil was more acidic than
the Lanai site, its soil pH (H,0) ranged from 4.4 to 4.6;
delta pH values were negative, indicating a net negative
surface charge. Exchangeable bases were lower than the Lanai
samples and were less variable with depth except for Na.
Exchange~-able Na increased from the surface to the
subsurface horizons. Total bases ranged from 10 to 13
cmol (+)/kg soil. About half of the colloid exchange sites
were occupied by bases. CEC (NH,OAc) ranged from 19 to 26
cmol (+)/kg soil. Ionic strength increased from the surface
to the subsurface horizons; ranging from 0.0054 to 0.0104 M.

The uncultivated Waihuna is chemically similar to the
cultivated Waihuna. The uncultivated Waihuna contained low
organic carbon, carried a net negative charge, was slightly
acid, relatively high in total bases, had a moderate NH,OAc
CEC and a variable salt concentration (Ionic strength). The
exchange sites were dominated by Mg and Na. Mg, and
particularly, Na increased significantly from the surface to
the subsurface horizons.

Soil swelling is significantly influenced by its
chemical compositions. Correlation between soil swelling and
chemical factors such as organic matter, exchangeable

cations, iron content and CEC had been reported by Davidson
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and Page (1956) and Russel (1960). Figure 5.7 was,
therefore, constructed to visualize the correlation between
shrink-swell and chemical properties such as ionic strength,
ESP (exchangeable Na percentage), and CEC. The summary of

the data was also presented in Table 5.3.

Figure 5.7 Representative physico-chemical characteristics
of kaolinitic vertisols

There was no significant correlation between ionic strength
and soil swelling. The soils with low ionic strength had
high swelling pressure and percent swell but the trend was
not consistent. The Waihuna (cultivated) and the Waihuna
(type locality), for example, had same ionic strength but
different swelling potential (swelling pressure and percent

swell). The same was true for ESP and CEC. Swelling pressure
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and percent swell varied dramatically showing no specific
correlation with ESP or CEC. The information presented in
Figure 5.7 and Table 5.3 clearly ruled out the possibility
of a significant contribution of chemical properties such as
ionic strength, and ESP to shrink-swell behavior of Hawaiian

kaolinitic Vertisols.

Table 5.3 Selected Physico-chemical Properties
of Kaolinitic Vertisols

Soil series Location Depth Ionic ESP CEC Swell Swelling
strength Pressure

cm M % cmol /kg % KPa

Lualualei Oahu 40-50 0.0616 29.76 48.48 15 53.9
Honouliuli Oahu 40-60 0.0266 7.35 34.30 5 23.9
Waihuna(TL) Lanai 31-56 0.0058 2.09 24.89 13 134.0

Waihuna Molokai 10-20 0.0075 15.87 21.92 12.5 69.4
(uncultivated)

Waihuna Molokai 20-40 0.0059 9.05 20.67 9.3 64.7
(cultivated)

The preliminary XRD survey, though, did not confirm the
presence of any expandable mineral phase, yet XRD patterns
of coarse clay fraction (Figure 5.4 B) did show a broad,
weak 1.54nm peak. The presence of this weak peak and the
failure of the chemical composition to explain the shrink-
swell of Waihuna series led the author to speculate that an

expandable mineral phase existed as tactoids with too few
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repeat layers to produce XRD peaks or as an interstratified
mineral complex. Therefore, a detailed mineralogical
explanation was sought. Furthermore, because other
researchers (Karathanasis et al. 1983, Karathanasis and
Hajek, 1984) have used the soil solution ion activities and
minerals stability diagrams to support the presence of
certain minerals in the soil system, this approach was
adopted here in hope of shedding light on shrink-swell
behavior of the kaolinitic Vertisols.

5.3.1 Soil Solution Composition

Activities of major ionic species in the soil
solutions of the kaolinitic Vertisols are presented in
Table 5.4. The raw data is summarized in Appendix-Table
7.2. The soil solution pH varied from 4.8 to 5.3 in surface
horizons and 4.1 to 5.7 in subsurface horizons except in
the Honouliuli series. In the Honouliuli series soil
solution pH varied from 6.9 to 7.5. Generally, ionic
activities of surfaée soils were higher than those of
subsurface soils. Al activity was below detectable limit in
the Honouliuli series. This was attributed to relatively
high pH and high P content of the soil solution. Silica
concentrations in the Waihuna series were slightly higher
in some subsurface horizons than the surface horizons.
Sodium followed by Ca and Mg were dominant cations in the
Honouliuli and Waihuna {(type locality) soil soclutions.

However, Na was the only dominant ionic species in the
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Table S.4 8o0il solution ionic activities

Depth pH pK pca pMg pAl* pHSi0o, logAl®™ logK'
+3pH +pH

CM —mmmem e M ---- -—- —————

Honouliuli (8ugarcane Field) Series
0-20 7.50 3.63 2.70 2.65 ~-- 3.22 ——— 3.87
20-40 7.65 3.98 2.94 2.88 ==~ 3.17 ——— 3.67
40-60 6.85 3.70 2.94 2.84 ~-- 3.26 ——— 3.15
60-80 6.90 3.99 2.80 2.78 === 3.23 —— 2.91
Waihuna(type locality) Series

0-17 5.10 3.18 3.07 3.31 7.73 3.52 7.57 1.92
17-31 5.64 3.86 3.32 3.55 9.25 3.80 7.67 1.78
31-56 5.69 4.33 3.19 3.31 9.36 3.96 7.71 1.36
56-93 5.58 4.58 3.43 3.46 9.13 4.00 7.61 1.00
93-113 5.42 4.59 3.64 3.62 ---=- 3.70 ——— 0.83
113-133 5.25 4.55 3.72 3.63 8.00 3.49 7.75 0.70
133-153 5.30 4.48 3.77 3.70 8.25 3.48 7.65 0.82
153-173 5.20 4.28 3.79 3.74 8.35 3.46 7.25 0.92
173-201 5.29 4.35 3.87 3.66 8.08 3.48 7.79 0.94
201-226 5.33 4.45 3.91 3.56 8.31 3.57 7.68 0.76
225-250 5.30 4.57 3.97 3.64 8.55 3.59 7.35 0.73
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0-20
20-40
40-60
60-80
80-100

100-120
120-140
140-160

160-180

0-10

10-20

20-40

40-60

60-~75

75-100

4.52

4.41

Table 5.4 (Continued)

pK pCa pMg pz-\l3+ pH,Si0, logAl®™ 1logkK' -

: +3pH +pH

--------- M - -
Waihuna(cultivated) Series
4.53 4.57 4.20 6.42 3.35 7.89 0.24
4.80 4.65 4.21 6.67 3.36 7.04 -0.23
5.43 4.71 4.23 6.42 3.36 7.56 -0.77
4.91 4.68 4.23 6.37 3.36 7.22 -0.38
4.80 4.72 4.25 6.44 3.37 7.36 -0.20
4.81 4.71 4.26 6.14 3.33 7.36 -0.31
4.62 4.78 4.30 6.50 3.27 7.48 0.04
4.75 4.80 4.35 6.18 3.27 7.38 -0.23
4.64 4.82 4.37 6.50 3.22 7.51 0.05
Waihuna(uncultivated) Series

4.66 4.60 3.95 7.66 3.34 8.15 0.61
4.73 4.59 3.95 7.52 3.26 8.29 0.54
4.68 4.42 3.45 6.62 3.16 7.87 0.15
4.60 4.40 3.28 6.56 3.14 7.90 0.22
4.60 4.36 3.08 6.27 3.08 7.29 -0.08
4.58 4.36 3.07 5.96 3.07 7.27 -0.17
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Waihuna (cultivated) and Waihuna (uncultivated) soil
solutions (Appendix-Table 7.2).
5.3.2 Ion Activity Products and Mineral Stability

Information about ion activities in soil solutions was
used to construct diagrams of ion activity products and
mineral stabilities (Figures 5.8, 5.9 & 5.10). Stability
lines for various minerals were drawn based on information
reported by Lindsay (1979) and Garrels and Christ (1965).
Computer program ALCAL, written by Dr. N.V. Hue, Dept.
Agronomy & Soil Science, University of Hawaii, was used to
calculate ionic activities of soil solution after
considering ion pair and complex formations.

Several important stability relationships of clay
minerals, expected to be present in soils, are presented in
Figure 5.8, plotting pH,$i0, as the independent variable and
logA1y+3pH as the dependent variable. Stability lines of
Mg-smectite, Na-smectite, illite, and K-mica were drawn
assuming a soil solution pH=7, p(Mgb)=3, p(Na')=3, p(K')=4,
and Fe* controlled by Fe(OH);(soil-Fe). The relative
stability of these minerals change with pH or with activity
of ions. For example, increasing pH or K activity lowers
the line for K-mica thus increasing its stability. A soil
solution compcsition above or to the right of the stability
lines will be super-saturated with respect to that mineral,
whereas a point below or to the left indicates under

saturation.
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Stability diagrams of silicate minerals (Figure 5.8)
indicated that Mg-smectite, kaolinite, and gibbsite were
the only stable minerals; others were metastable.
Superimposing ionic activity products of soil solutions on

the stability

O Waihuna(LTL)

AICOH) j(Amorph.) = ® Walhuna(MC)
a Waihuna(MUQ)

AI(OH) ,(Gibbsite)

7 -'-—--

»
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’
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¢ 1
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Figure 5.8 S8tability diagram of important silicate
minerals and ion activity products of soil solution
of the kaolinitic Vertisols
LTL = type locality MC = cultivated MUC = uncultivated

diagram showed that all samples were supersaturated with
respect to kaolinite and Mg-smectite while gibbsite
appeared to control the Al activity in the soils. Ionic
activities of the soil solutions of the Honouliuli series

were not plotted because of lack of information on a1*
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activity (Al activity was too low to detect). Ionic
activity products of the soil solutions of Waihuna series
(type locality, uncultivated, cultivated) was close to the
stability lines of halloysite, K-mica, illite, and Na-
smectite, thus, indicating a near equilibrium with these
minerals. However, a few data points were below the
stability lines of halloysite, illite, and Na-smectite;
that is, they were under-saturated with respect to these
minerals. In general, stability diagrams supported the
existence of halloysite, illite, K-mica or Na-smectite in

the Waihuna series.

6- O Waihuno(LTL)
@ Waihuna(MO)
:(EL 4”3‘0 ' a Waihuna(MUC)
+F A > Honouliuli
b4 AN ~
» - =
- 06_9 N
e ON
&
F 9
-2 ] 1
6 4 2
pH 4SlO p

Figure 5.9 S8tability diagram of mica, halloysite.
gibbsite, and icn activity products of soil solutionms
of the kaclinitic Vertisocls
LTL = type locality MC = cultivated MUC = uncultivated
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The presence of mica/illite in the Waihuna soils was
not supported by the preliminary mineralogical work. In
order to verify the equilibrium between mica, halloysite,
and gibbsite, ionic activity products were re-graphed,
using logK'+pH as dependent variable (Figure 5.9). Ionic
activity points for the Honouliuli and Waihuna (type
locality) soil solutions lie in the mica stability field.
However, points for the Waihuna (cultivated) and Waihuna
(uncultivated) profiles lie either at the mica/halloysite
boundary line or in the halloysite stability field
revealing that mica existence in kaolinitic Vertisols of
Hawaii is possible thermodynamically if halloysite is also
present.

5.4 Mineralogical Characterization

Primary emphasis of mineralogical characterization was
to identify minerals that might be responsible for the
shrink-swell phenomenon. As discussed earlier, the
preliminary mineralogical investigation suggested the
existence of a ~1.6nm basal reflection in some of the
coarse clay samples. The ~1l.6nm basal reflection generally
indicates smectite. Therefore, only the coarse clay
fraction (2-.2 m) was characterized in detail. The
Iualualei series mineralogically served as a reference.

Expanding minerals are generally identified by
solvation of the Mg—-saturated clay fraction with ethylene

glycol or glycerol, and step-wise heating, 110, 300, and
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550%; of K-saturated samples. Mg & K-saturated clay
fraction of the soils was, therefore, solvated, heat
treated, and analyzed by XRD. There was no significant
difference among XRD patterns of different horizons of the
same profile. Only one representative sample from each soil
profile/series will, therefore, be discussed in detail.

XRD patterns of Mg-saturated samples of the Lualualei
series (Figure 5.10) showed a shift in the peak position
from 1.62nm (air dried) to 1.85nm (solvated), indicating
the presence of smectite. In general, ethylene-glycol
treated smectite yields a basal spacing of ~1.7nm, while
glycerol treated smectite shows a basal spacing of ~1.78nm
(Wilson, 1987). Variations in basal d-values were observed
because of variations in the relative humidity (Moore and
Reynolds, 1989). Swelling of smectite is due to their
relatively small layer charge; there is an insufficient
attraction from the interlayer cations to keep the layers
from expanding. ¥:pansion takes place as water or some
organic compound, such as ethylene glycol, enters the
interlayer space.

K-saturated, heat treated samples showed a stepwise
collapse of the 1.3nm peak K(air dry) and the disappearance
of the 0.725nm kaolinite/halloysite peak at 550°C (Figure
5.10B). The collapse of the 1.3nm basal peak to 1.0nm is
another indication of smectite presence. All smectite that

has been heated to 110°C looses interlayer water. The extent




of the dehydration depends upon the relative humidity and
nature of the exchange cation. K-saturated smectite
produces a 1.25nm peak at 54% relative humidity and
collapses to 1.0nm if heated at 110°C at zero percent
relative humidity (Borchardt, 1989). K-saturated samples

showed a stepwise collapse to 1.0nm instead of an abrupt
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collapse to 1.0nm at 110°C because the relative humidity was

not kept at 0 %. The samples were analyzed by XRD at ~52 %

relative humidity.

1.85nm

J725nm
Mg—Solvation
K . K—Air Dry
Mg-Air Dry 725nm
Air Dry Air Dry
2 4 6 8 10 12 14 18 18 20 zZ 4 6 8 10 12 14 18 18 20
DEGREES 2—THETA DEGREES 2—-THETA

Figure 5.10 8olvation (A) and heat treatment (B)
effects on XRD patterns of coarse clay fraction
of Lualualei series
Disappearance of the 0.725nm peak at 550°C confirmed
the presence of kaolinite/halloysite(dehydrated). Heating
at s50°c - 600°C destroyed the crystallinity of all kaolin

minerals, thus causing the basal reflections to disappear

from the diffraction pattern (Wilson, 1987).
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Representative XRD patterns of Mg & K-saturated coarse
clay samples of the Honouliuli series are presented in
Figure 5.11. Solvation of Mg-saturated samples caused a
shift in the 1.58nm basal peak tou...-ls a lower two-theta
angle. Stepwise heating of K-saturated samples resulted in
a stepwise collapse of the 1.3nm peak K(air dry) to 1.0nm.
A heat treatment at 550°C also destroyed the 0.725nm peak.
The response of the Honouliuli series Mg & K-saturated
samples was almost identical to that of the Lualualei
series samples, thus, confirming the presence of smectite

and kaolinite/halloysite(dehydrated).

A 725nm
1.78nm

Air Dry

1 I

s T J
2 4 [:]

8 10 12 14 16 18 20 5 41 6 8 10 12 1s 18 18 20
DEGREES 2—-THETA DEGREES 2-THETA

Pigure 5.11 8Solvation (A) and heat treatment (B)
effects on XRD patterns of coarse clay fraction
of Honouliuli series

Broad l.56nm, l.0nm, and .732nm peaks were observed in
air drv non-cation saturated samples of the Waihuna (tyvpe
locality) series (Figure S5.12 A,B) representing basal

reflections from small diffracting domains of smectite,
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mica, and kaolinite/halloysite (dehydrated), respectively.
Solvation of Mg-saturated samples produced a 1.78nm basal
reflection showing a shift in the 1.56nm reflection. The
response of the Waihuna (type locality) series samples to
Mg-saturation and solvation was almost identical to the
Laualualei and Honouliuli series. Such a response leads one
to speculate that such subtle changes in the weak and broad
peaks observed by early workers led to their failure to

identify smectite in the Waihuna series.

A 732nm

Mg—Solvation

Mg—Air Dry

Kl T U 1 T L 1

8 10 12 14 18 18 20
DEGREES 2-THETA 2 4 68 8 10 12 14 18 18 20
DEGREES 2—THETA
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-
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Figqure 5.12 BSolvation (A) and heat treatment (B)
effects on XRD patterns of coarse clay fraction
of Waihuna (type locality) series
Although the results of solvation agreed very well
with the Lualualei and Honouliuli series results, heat
treatments did not agree as well. After K saturation, the
i.56nm peak seen in the air dry patterns, Figure 5.12B,
virtually disappeared compared to the K(air dry) pattern. A

heat treatment at 110°C completely eliminated the 1.56nm

peak. The three heat treatments (Figure 5.12B) did,
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however, improve the sharpness of the 1.0nm peak indicating
an improvement in the degree of crystallinity of mica. The
550°C heat treatment produced an XRD pattern showing only
the 1.0nm peak with a broad, low intensity X-ray amorphous
band in the low angle region (Figure 5.12B). The X-ray
amorphous band was more distinct in some samples than
others and was not produced by the Lualualei and Honouliuli
series (Figures 5.10 & 5.11). Amorphous bands are
occasionally produced by changes in relative humidity but
the samples under study were maintained at a uniform
relative humidity and thus, indicating interstratified
mineralogy. Some researchers (Sudo and Shimoda, 1977:
Dixon, 1989 (personal communication)) are of the opinion
that such XRD patterns are produced after destruction of
mixed layer, randomly interstratified

kaolinite/halloysite/smectite.

725nm

Mg—Solvation

K—110

K—Air Dry

\ Air Dry ,

T T T ¥ T T 1 1 U

4 6 8 100 12 14 16 18 20
DEGREES 2—-THETA

1.5nm

DEGREES 2—THETA

Figure 5.13 Solvatiocn {A) and heat treatment (R)
effects on XRD patterns of coarse clay fraction
of Waihuna (uncultivated) series
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Representative XRD patterns of the Waihuna
(uncultivated) samples showing the effect of solvation and
heating are presented in Figure 5.13. In general, these
patterns were similar to those of Waihuna (type locality)
saméles. Also, XRD patterns of the Waihuna (type locality)
and Waihuna (uncultivated) samples showed the presence of

an identical suite of minerals.

10nm -73nm

A 12
-73nm . A K_%EN
1.0nm Mg—Solvation
K-300
\Mw Me—air D K-110
W
Air Dry

Air Dry A s
2 4 8 é 110 1'2 1I4- 168 1I8 Z'ﬂ [ T T T L
14 16 18 20

T T T T
2 4 6 8 10 12
DEGREES 2—THETA DEGREES 2—-THETA

Figure 5.14 B8olvation (A) and heat treatment (B)
effects on XRD patterns of coarse clay fraction
of Waihuna (cultivated) series

The coarse clay fraction of the Waihuna (cultivatedq)
profile did not produced a 1.56nm peak for any of the
treatments, even the air dry, non-cation saturated sample
(Figure 5.14). Smectite was presumed to be present as thin
crystallites that were too small to be detected by XRD.

The only effect of stepwise heating was the
disappearance of 0.73nm peak at 550°C ang@ appearance of a

broad, low intensity band on the low two-theta side of the

mica peak (Figure 5.14B).
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The results of XRD analyses of the Waihuna series,
from all 3 sites can be summarized as follows:

1. kaolinite/halloysite(dehydrated), mica and smectite were
present. 2. Smectite was believed to be present as thin
crystallites composed of only few layers. 3. There was
evidence that smectite is interstratified with kaolinite/~-
halloysite.

5.4.1 Mineralogy of Free Iron Removed Samples

Free iron was removed from the Waihuna series using
the sodium dithionite-citrate buffer technique (Kittrick
and Hope, 1963), a variation on the method of Mehra and
Jackson (1960). The main objective was to improve XRD
patterns of the soils to gain a better insight into their
mineralogy. Iron has a high mass absorption coefficient for
copper radiation which reduces diffraction intensities.
Iron bearing minerals carry a net positive charge at the pH
of interest and are attracted to the negatively charged
phyllosilicates. Therefore, the soils were more easily
dispersed after free iron removal.

Clay fractions of the soil were observed to separate
into distinct layers when centrifuged at high speed
(relative centrifugal force, 10,410 X g). All samples
separated into layers in a similar manner. The layers are
designated from the top down as: very fine clay, fine clay,

clay, and coarse clay, respectively. The layers were
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carefully separated by visual inspection and used for XRD
analysis.

XRD patterns of coarse clay, clay and fine clay of the
Waihuna (type locality) series are presented in Figure
5.15. Peaks labeled 1.3nm, 1.0nm, and 0.725nm on the coarse
clay pattern are produced by smectite, mica, and
kaolinite/-halloysite (dehydrated), respectively. As the
mean particle size decreased there was a gradual
disappearance of mica and smectite peaks (1.0nm and 1.3nm)
and broadening of the kaolinite/halloysite(dehydrated)
peak. The presence of smectite in the coarse clay fraction
was contradictory to the reported literature which states
that it is usually present in the fine clay fraction
(Borchardt et al., 1966).

Peaks on the iron-removed Waihuna (uncultivated and
cultivated) XRD patterns were more pronounced (Figure.

5.16) than on the Waihuna (type locality) patterns (Figure
5.15). Five different clay layers were differentiated. The
very fine clay fraction remained in suspension even after
centrifuging at 10,410 g for one hour. The very fine
fraction could be removed from suspension only after
centrifuging at 26,890 g for an hour. There was no
significant qualitative mineralogical difference between
the fine and very fine clay fractions. The only noticeable
difference was the shape and width of the 0.73nm peak,

thus, indicating a very fine mean particle size. The coarse
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Figure 5.15 XRD patterns of different clay fractions
(Waihuna (type locality) series with free iron removed)
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Figure 5.16 XRD patterns of different clay fractions
{Waihuna {(uncultivated) seriss with fres iron remcved)
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clay fraction, however, produced a series of discrete peaks
in the angular range of 6 to 9 degree 2-theta, (Figure
5.16) . These peaks might have been present before iron
removal but were not visible because of the high mass
absorption of iron and/or poor orientation (dispersion
problem). The presence of these discrete peaks in the range
of 1.25nm to 1.0nm, only in coarse clay fraction suggests
that there is a relationship between mica and smectite; the
smectite in the case of the Waihuna series may be only a
few layers thick.

XRD patterns shown in Figure 5.16 demonstrate that
choosing the correct size fraction for analysis is of
importance. In case of the very fine clay the presence of
mica was not at all evident. On contrary, the coarse clay
did not show the broad, asymmetric, intense 0.75nm
halloysite peak. Therefore, several size fractions must be
analyzed separately to gain all the information relating to
a given specimen.

The coarse clay fraction was further processed to find
mineralogical clues to help explain the shrink-swell
phenomenon. Coarse clay was chosen because it was the only
fraction that produced 1.0nm to 1.25nm peaks. Solvation of
the air dry unsaturated samples from the Waihuna (type
locality) series produced a diffuse, broad 1.64nm band

(Figure 5.17). The 110°C heated sample produced a mica 1.0nm
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peak with more intensity than the air dry sample but

without the broad, low intensity 1.3nm band.

Heat—110

Solvation

2 4 6 8 1|0 1|2 111 16 18 20
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Figure 5.17 Effect of solvation and heating on XRD
patterns of Waihuna (type locality) coarse clay
fraction with free iron removed
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Pigure 5.18 Soclvaticn {(A) and heat treatment (B)
effect on XRD patterns of Waihuna (type locality) with
free iron removed Mg & K-saturated coarse clay fraction
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Subsamples of the Waihuna (type locality) coarse clay
fraction which had free iron removed were saturated with Mg
and K and the XRD patterns are shown in Figure 5.18 A and B.
The smectite (1.6nm) peak almost disappeared upon solvation
(Figure 5.18 A). Stepwise heating of the K-saturated samples
produced XRD patterns similar to those containing free iron
(Figure 5.12 B). The XRD patterns of the iron-removed
Waihuna series revealed that the results of the diagnostic
treatments were not typical of normal smectite, rather, the
patterns suggested an interstratification of smectite with
illite and perhaps with halloysite. Peak movement with
diagnostic treatments did not obey Bragg's law inasmuch as
they did not appear at rational positions on the 2-theta

scale.

1.0nm
.725nm

‘ Heat-550
b Heat—-300

Heat—-110

1.08nm

Solvation
Air Dry
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Fiqure 5.19 Effect of solvation and heat on XRD
patterns of coarse clay fraction of Wainuna
{cultivated) cerieg with free iron removed
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The effect of stepwise heating and solvation on coarse
clay samples from the Waihuna (cultivated) is shown in
Figure 5.19. The clay was not saturated with Mg or K. The
peaks appearing at 1.25 and 1.08nm for the air dry sample
disappeared after heating at 110°C while the 1.0nm peak was
more intense after the three heat treatments suggesting a
collapse of the 1.25nm and 1.08nm peaks. The solvation did
not shift the 1.25nm peak, rather a diffuse, low intensity
band was produced just below the 1.0nm peak. Just as the
Waihuna (type locality) samples, the Waihuna (cultivated)
clays did not follow a typical smectite response to stepwise
heating or solvation. Mica reflections, however, were much
stronger for the Waihuna (cultivated) after heating (Figure
5.19) than they were for the Waihuna (type locality) samples

(Figure 5.17).

T I 1 T i
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Figurs 5.20 Solvation {A) and hseat treatment (B) effects
on XRD patterns of Waihuna (uncultivated) series with
free iron removed Mg & K saturated coarse clay fraction
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The XRD patterns in Figure 5.20 A and B are
representative of the response of the Waihuna (uncultivated)
profile coarse clay fraction to Mg and K-saturation and
solvation and heat treatments. The unsaturated, air dry
pattern in Figure 5.21A has a prominent 1.0nm peak and broad
peaks at 1.08 and 1.25nm, whereas, the Mg-saturated, air dry
and solvated patterns have broad, low intensity peaks at
1.5and 1.7nm, respectively. The unsaturated, air dry
pattern can only be interpreted on the basis of Mering's
principles (Mering, 1949; also see Moore and Reynolds, 1989,
P. 243) rather than by the conventional Bragg's law
approach. For the 1.0, 1.08, and 1.25nm peaks three
components can be considered; illite (1.0nm), smectite
(1.25nm) having one layer of water, and interstratified
illite/smectite (1.08nm). According to Mering's principle a
regularly interstratified phase should produce a peak mid-
way between the two end members. For example, the 1.0nm
illite and 12.5nm smectite peaks average 1.12mm ((1.0 +
1.25) 4 2 = 1.12nm). Inasmuch as the 1.08nm peak is not
exactly between the two end member peaks, the interstratifi-
ed phase is not regular, that is, there is not prefect
ISISISIS ordering where I = illite and S = smectite.

The illite phase must be a low layer charge variety
because apparently Mg replaced most of the K upon Mg
saturation. In other words, instead of three phases, Mg

saturation produced only one phase: smectite, which when Mg-
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saturated has two layers of water at a relative humidity of
54% in the laboratory. The 1.5nm peak that appears on the
Mg-saturated, air dry pattern in Figure 5.20A is a typical
of d-value for smectite having two iayers of water. The
1.78nm peak that appears on the Mg-saturated, solvated
pattern is a typical d-value for smectite with two layers of
ethylene glycol.

All patterns with heat treatments (Figure 5.20B) had
illite peaks at 1.0nm. Besides the omnipresent
halloysite/kaolinite peaks there was a distinct second order
0.5nm illite peak and a spinel peak showing on each heat
treatment pattern. Inasmuch as there were no observable
smectite peaks on the K-saturated, 110C pattern, K is
apparently easily incorporated into the smectite structure.
By the definition of Hower and Mowatt (1966), smectite in
the kaolinitic Vertisols of Hawaii easily converts to illite
in the presence of an adequate supply of K. It is believed
that the smectite in the Hawaiian kaolinitic Vertisols is as
a result of potassium stripping from tropospherically
deposited illite.

A distinct difference was observed between the Waihuna
(cultivated) coarse clay samples before and after the
removal of free iron. Samples that contained free iron
showed no sign of smectite (Figure 5.14). After free iron
remcval, however, there were twe peaks, 1.0nm and 1.25nm

(Figure 5.21), indicating the presence of illite and
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smectite with one water layer. The 1.25nm peak disappeared
when the coarse clay was saturated with K, however, the
intensity of 1.0nm peak increased (Figure 5.21). Intensity
of the 1.0nm peak gradually increased with heat treatments
of 110°c, 300°C, and 550°C. Heating the samples to 550°C
caused the destruction of the 0.725nm peak, confirming the
presence of kaolinite/halloysite(dehydréted). Mg-saturation
and solvation changed the clay structure so the 1.25nm and

1.08nm peaks were no longer observed.

725nm

Air Dry

1 T 1

2 4 6 8 100 2 14 16 18 20 —— — ;
DEGREES 2-THETA 2 4 6 8 10 12 14 16 18 20
DEGREES 2-THETA

Figure 5.21 Ssolvation (A) and heat treatment (B) effects
on XRD patterns of Waihuna (cultivated) series with
free iron removed Mg & K saturated coarse clay fraction

5.4.2 Conclusions Based on the X-ray Diffraction Analysis

Iron removal is usually done to reduce the effects of
microabsorption of the X-ray beam. According to Bish and
Reynolds (19289), micrcabscorpticn has very little effect on

the intensity of the diffracted beam IF particle size is
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less than about 10 micrometers. The particle size of the
samples reported in this dissertation were 2 micrometers or
smaller. Therefore, the effects of microabsorption is not
believed to be the reason why the XRD specimens showed no
indication of an expandable mineral until the soils were
deferrated. Iron removal has two effects: the first is
cation saturation, the sample is Na saturated during
deferration, and secondly, the samples are dispersed better
after deferration, allowing a more favorable orientation of
the crystallites on the specimen slides. The "unsaturated"
samples were, therefore, Na saturated if iron has been
removed. Because of better dispersion, there was a much
higher degree of preferred orientation of both the
"unsaturated" and saturated samples, hence, much higher
basal plane intensities for the iron-removed samples.

Inasmuch as the expandable minerals appeared only on
the coarse clay fraction XRD patterns, there is evidence
that the fine clay crystallites contained so few repeating
layers that XRD intensities were too low to detect. An
absence of expandable minerals in the <0.2;m fraction is,
therefore, not a reasonable assumption. The appearance of a
discrete series of peaks in the coarse clay fraction whose
d-values were larger than mica (1.0 nm), provided evidence
that there was an expandable mineral in the soils but, its
properties were not those of a "normal" smectite. For these

reasons the presence of an expandable mineral in the Waihuna
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series might have been missed on XRD patterns in the past.
A 1.0nm illite peak appeared on all XRD patterns of the
Waihuna series from both Lanai and Molokai, although the
peak intensity varied depending on the collection sites of
the sample and its pretreatments. Illite source in these
soils is believed to be tropospheric dust. There is strong
evidence in the literature for eolian mica (illite)
transport to Hawaii as tropospheric dust ( Uematsu et al.,
1983, Blank et al., 1985, Betzer et al., 1988).

Under geologic conditions where there is an ample
supply of K, smectite is transformed to illite through the
fixation of K. Boles and Franks (1979) and Pollastro (1985)
have suggested that the necessary Al for Si substitution in
the tetrahedral layer for the incorporation of K into the
illite structure comes about through the "cannibalization®
of smectite rather than the dissolution of K-feldspar. The
reverse reaction may take place. That is, as K is lost by
leaching or plant uptake, Si may replace Al in the
tetrahedral layer to the extent that the unit layer charge
is reduced. The literature contains many papers suggesting
how smectite transforms to illite (Reynolds and Hower,
1970) . Perhaps the reason why the reverse reaction is so
unique is that supply of K in the environments of the
illite/smectite associations of Hawaii was not sufficient.
In Hawaii's environment, there is usually a low X content,

the exception being the trachyte ash deposit on the island
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of Hawaii (Macdonald, Abbott, and feterson, 1983). There is
also evidence that the soil in the areas where the Waihuna
series is found, has been wind transported from other parts
of the islands. On Lanai, the area of the original soils is
the "devil's playground", also referred to as the blown-out
area on the North and North-East sides of the island.

The samples that were collected, and analyzed, from the
blown-out area of Lanai contained a high concentration of
illite that remained nearly constant to a depth of 75 cm.
The strata below 75 cm contained no detectable illite, only
hydrated halloysite. Two hypotheses are offered which may
account for the occurrence of illite on the blown-out areas
of Lanai. First, according to Mcdonald et al. (1983), there
was a land bridge between Lanai, Molokai, and Maui during
the ice age. During this time, winds may have blown sea
sediments containing an accumulation of eolian illite onto
Lanai which was down wind from the direction of the trade
wind. Secondly, the upper 75 cm of material (all that is
left after erosion) at the sampling site might have been a
trachyte or other high K~bearing ash layer that subsequently
weathered to illite.

Regardless of the illite origin, all samples of the
Waihuna series as well as the material from the blown-out
area, contain smectite, illite, and interstratified

illite/smectite,
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5.4.3 Simulated Diffraction Patterns of Interstratified
Minerals

Calculated diffraction patterns are useful for
understanding and interpretation of complex X-ray
diffraction patterns from a wide range of mixed-layer clay
minerals. This approach was used to help understand the XRD
patterns of the Waihuna series. A commercially available
computer program "NEWMOD2" written by R.C. Reynolds, Jr.
(1985) was used . The program calculates one dimensional
diffraction patterns for pure or mixed-layer minerals and
can also blend the calculated patterns. Diffraction patterns
were calculated for mixed-layer illite/smectite, and
kaolinite/smectite. Combinations were tried by varying: i)
the mineral mixing ratios, ii) the number of layers in the
mineral crystallites, iiif the exchange cations, iv) the
number of water molecules between the smectite layers, v)
the number of Fe atoms per 2 or 3 octahedral sites, and vi)
the number of K ions per illite unit cell.

Nearly identical calculated and observed patterns are
presented in Figure 5.22. Dissimilarities in the calculated
and observed diffraction patterns at low 2-theta angles is
due to an over estimation of the low 2-theta background by
NEWMOD2. The observed representative diffraction patterns
shown in Figure 5.22 are from the Waihuna series fine clay
fraction (<.2pm); the fraction which did not have XRD

detectable smectite.




94

73nm/MA\.725nm

Exch. Cation: Na
N=3-10

Smectite 1 & 2 H20
Observed 3

Observed 2

Observed 1

Calculated 2
Calculated 1

f T T T T T 1
4 6 8 10 12 14 16

DEGREES 2-THETA
Figure 5.22 cCalculated and observed diffraction patterns

of Waihuna series
Observedl = Waihuna (type locality)
Observed2 = Waihuna (uncultivated)
Observed3 = Waihuna (cultivated)
{The parameters used for calculated patterns 1 and 2
are specified in the text.)
Parameters Used For Synthesizing XRD Patterns
Both patterns calculated 1 and calculated 2 were based
on completely random interstratification (R=0) and 3 to 10
crystallographic layers. Calculated 1 was derived from: 5.8%
dioctahedral mica interstratified with 1.8% dioctahedral
smectite with 2 layers of water plus 83.2% kaolinite
interstratified with 9.2% dioctahedral smectite with 1 layer
of water. Calculated 2 was derived from: 9.4% dioctahedral
mica interstratified with 3% dioctahedral smectite with 2
layers of water plus 78.8% kaolinite interstratified with
7.0% dioctahedral smectite with 1 layer of water.

Figqure 5.22 demonstrates that the only XRD detectable

peak in the calculated diffraction patterns was .725-.73nm,
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in spite of presence of smectite and mica. Random interstra-
tification (R=0) and a small number of crystallographic
layers (N=3-10) in each mineral resulted in their being
undetectable. This result supports the author's hypothesis
that the minerals are very short ranged and randomly

interstratified.

Smectite = 227
/s = 27°%
1lite = 1127
Ka/S = 227

Kaolinite = 382

Calculated

Observed

2 6 10 14 18 =2 =26 30 34 38 42 46 50
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Figure 5.23 Simulated XRD patterns of coarse clay(-DTFe)

Calculated

Observed

DEGREES 2—THETA

Figure 5.24 Simulated XRD patterns of fine clay(-DTFe) frac.
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XRD patterns representing the Waihuna series with free
iron-removed coarse-clay (2-.2pm) and fine clay (<.2um)
fractions were also simulated. Comparisons of calculated and
observed XRD patterns further strengthened earlier
observations. There was a strong similarity between the
calculated and observed patterns (Figures 5.23 & 5.24). XRD
patterns representing the coarse clay fraction are shown in
Figure 5.23 and were calculated by mixing kaolinite,
interstratified kaolinite/smectite, mica, interstratified
mica/smectite, and smectite; their concentrations were: 38,
22, 11, 27, and 2 percent, respectively.

The fine clay fraction (<.2pm) contained a high
concentration of kaolinite/halloysite and negligible amount
of mica. XRD patterns for this fraction were calculated by
mixing kaolinite, inter-stratified kaolinite/smectite,
interstratified mica/smectite and smectite (Figure 5.24);
their concentrations were 69, 27, 3, and 1 percent,
respectively.

5.4.4 Electron Microscopy

Electron microscopy (EM) is a powerful technique to
study clay mineral physico-chemical properties by direct
observation of their particle shapes & sizes and their
crystal imperfections. Electron microscopic cbservations are
also a useful complement to XRD in studying clay mineral

properties.
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Electron microscopy was carried out to supplement the
XRD results and to confirm the presence of certain minerals
in the kaolinitic Vertisols of Hawaii. Considerable
difficulty was encountered with the dispersion of the
Waihuna samples. The clay particles were flocculated on the
EM specimen grids. Flocculation could be a result of the
presence of both positively and negatively charged
particles. Selected transmission electron micrographs are
explained in the following paragraphs.

Figures 5.25 and 5.26 represent the Honouliuli series
on Oahu. These micrographs confirmed the presence of
smectite along with kaolinite. However, there was no clear
evidence for the presence of halloysite. Hexagonal crystals
of kaolinite were somewhat rounded at the edges showing the
effects of weathering. Smectite was present as fluffy, thin,
irregular particles which were partly curled.

Figures 5.27 to 5.30 represent the Waihuna (type
locality) series on Lanai. It is evident from these micro-
graphs that smectite, halloysite and kaolinite were the
major phyllosilicates present in these soils. Among the
Kaolin group, halloysite dominated rather than kaolinite.
Smectite presence along with halloysite and kaolinite was
also confirmed in the fine fraction (<.2um) of these soils
(Figure 5.30). Although this mineral was not detected by XRD
(Appendix-Figure 7.5). It is prcbable that smectite in the

Waihuna series contains of small tactoids, whose range of
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order was too short to detect with XRD. Furthermore, careful
examination of these micrographs revealed an intimate
association between hallcysite and smectite. Smectite
appears to wrap around halloysite tubes much the same way as
paper towels wrap around the central tube.

Representative electron micrographs of the Waihuna
series, uncultivated profile , from Hoiokai, are shown in
Figures 5.31 to 5.34. Smectite, halloysite and kaolinite
were visible in these micrographs, confirming their
presence. Iron oxide is also evident. Kaolinite
concentration seems to be relatively high in these samples
compared to the Lanai samples.

No additional information was extracted from the
electron micrographs of Waihuna series, cultivated profile
(Figures 5.35 to 5.38), which was the second profile
collected on Molokai. Smectite presence in these samples
could not be supported by electron microscopy, which might
be due to the nature & type of the smectite crystallites and
also because of difficulty in dispersing these samples.

Electron microscopy, overall, supported the contention
that smectite, halloysite and kaolinite were the three major
phyllosilicates present in Hawaiian kaolinitic Vertisols.
Electron micrographs also made it clear that 0.725nm -
0.73nm péak produced by the Waihuna series was mostly
dehydrated halloysite rather than kaolinite. Surprisingly,

the presence of mica (illite) was not evident in the
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Figure 5.25 Electron micrograpn of Homouliuli series
from the island of Oahu
Smectite (s) and kaolinite (k) are visible.
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Figure 5.26 Blectrom micrograph of Honoculiuli series
from the island of Oahu
Smectite (8) composed of fluffy partly curled particles.
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Figure 5.27 Electron micrograph of Waihuna
(type locality) series from the island of Lanai
Halloysite (h) in association with smectite (s) and
kaolinite (k) is visible. Mica (m) may also be present.
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Figure 5.28 Blactronm micrograph of Waihuna
(type locality) series from the island of Lanai
Halloysite (h), kaolinite (k) and hematite (he) are visible.
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Figure 5.2% RBlectron micrograph of Waihuna
(type locality) series from the island of Lanai
Halloysite (h) crystals are visible. Curled edges of
halloysite point to wrapping of smectite around its tubes.
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Figure 5.30 Eiectrom micrograph of Waihuna

(type locality) series from the island of Lanai
Smactita (ga), kaplinite (k) and halloysite (h) are visible
in this micrograph. Smectite was not detected by XRD
presumably because of its random orientation and small
tactoid size. Ssome of the halloysite crystals appear
encircled by smectite sheets which could be a reason why
smectite was not detected by XRD.
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Figure 5.31 Electron micrograph of Waihuna
(uncultivated) series on Molokai
Smectite (s) presence is visible.
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Figurs 5.32 BElectrom micrograph of Waihuna(uncultivated)
series on Molokai
Halloysite (h), kaolinite (k) and hematite (he) are visible
in this micrograph.
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Figurs 5.33 Electron micrcgraph of Waihuna
(uncultivated) series on Molokai
A typical tubular halloysite (h) crystal.
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Figure 5.34 Blectron micrograph ¢f Waihuna
(uncultivated) series on Molokai
Smectite (s), halloysite (h), and kaolinite (k) are visible.




Figurs 5.35 Blscircon micrograph of Wai
(cultivated) series on Molokai
Tubular halloysite (h) is wvisible.
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Pigurs 5.36 Blesctron microcgraph of Waihuna
(cultivated) series on Molokai
Halloysite (h), kaolinite (k) and hematite (he) are visible.



111

[V 9 PN

o it et o e B e TR

Figurs 5.37 BElesctron micrograph of Waihuna
(cultivated) series on Molokai
Halloysite (h) is visible. Mica (m) may also be present.




112

Figure 5.38 Electrom micrograph of Waihuna
(cultivated) series on Molokai
Halloysite (h) and kaolinite (k) are visible.
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electron micrographs although it was detected by XRD.
Apparently mica crystallites are a few unit cells thick but
were well oriented so that interparticle diffraction was
observed. Some of the micrographs showed a close
associationof halloysite and smectite. Smectite apparently
wrapped around the halloysite tube and produced no XRD
detectable peaks.

5.4.5 Specific Surface Area

Specific surface area is defined as "surface area per
unit mass" and is usually expressed in nﬁgq. Specific
surface area of soils varies with mineralogy, organic
composition, and particle size. Surface area influences soil
physico-chemical properties, such as shrink-swell, water
retention and movement, and cation exchange capacity.

Layer silicate minerals in soil contribute most of the
inorganic surface area. The rpecific surface area of these
minerals ranges from 10 to 800 ng'1 depending upon their
internal surface. Marshall and Holmes (1988) summarized the
external and total specific surface area for pure kaolinite,
illite, and montmorillonite as 20/19, 112/117, and 66/733
n’g’!, respectively.

Specific surface area of the clay fraction (coarse clay
and fine clay) representing each soil profile, under study
was measured. The primary objective was to verify the
presence of the smectite in the kaolinitic Vertisols. The

results are presented in Table 5.5. The specific surface
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area ranges from 164 to 428 nfgq. The highest value was for
Lualualei, a high smectite series, followed by Honouliuli
and Waihuna, respectively. Fine clay fraction (<.2um) had a
higher specific surface area than coarse clay fraction (2-
.2um) . These results support the presence of expanding

mineral phases in the kaolinitic Vertisols of Hawaii.

Table 5.5 8pecific 8S8urface Area of the 8oils S8tudiead

Soil Series Coarse Clay(2-.2um) Fine clay(<.2um)
Ext. Int. Total 2 Ext. 1Int. Total
-------------- nm /g =——=————————--
Lualualei 104 211 315 97 331 428
Honouliuli 63 171 234 68 184 252
Waihuna (TL) 68 106 174 85 120 205
Waihuna (UC) 68 123 191 69 138 207
Waihuna(C) 53 87 140 70 94 164

Note: mean of three replicates
EXt. = External Int. = Internal
TL = type locality UC = uncultivated C = cultivated

Ross (1978) has measured the surface area of soils
containing different quantities of montmorillonite, illite
and halloysite(dehydrated). Specific surface area for the
sample with 60% smectite and 13% mica was 374 nﬁgq; for
sample with 16% smectite, 13% mica, and 52% halloysite was
ZOOIfgq; and for the sample with 50% mica, 4% smectite, and

31% vermiculite was 108 nfgq. In another study, De Kimper et
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al. (1979) obtained values of 193 and 228 m’g ' internal and
total specific surface area, respectively, for a soil
containing 13% smectite, 7% vermiculite, 40% illite+
chlorite, 6% amorphous material, and cation exchange
capacity of 36 cmol, kg'1 soil.

Specific surface area of soils under study (Table 5.5)
falls in the range reported by Ross (1978) and De Kimper et
al., (1979) and strongly support the arguments discussed
under the XRD analysis section.

5.5 Quantitative Mineralogical Analysis

Quantitative mineralogical analysis of a soil is
important to assess its productivity and evaluate its
physical and chemical properties. There is a direct
relationship between the quantity of a mineral in a soil
sample and intensity of its diffraction peaks. However, it
is not as simple as it may sound. For example, the inability
to produce identically prepared samples is a critical factor
when using external standards to quantify XRD peak areas.
Poor orientation and varying thickness can easily lead to
wrong conclusions.

The soils under study were quantitatively analyzed
using external standards. The principal objective was to
guantitatively characterized those mineral phases
responsible for shrink-swell properties (objective #1 of the
study). Na-montmorillonite {Crocok county, WY), CMS Source

Clay SWY-1, was mixed with kaolinite (Washington county, GA)
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CMS Source Clay KGA-1, to construct a standard curve. Source
clays were saturated with Na, before mixing, to ensure
random, uniform mixing and closeness to natural conditions.
All standards were analyzed as a preferred oriented
suspensions on Mo slides. The graphs of smectite and
kaolinite are drawn in Figures 5.39 & 5.40, respectively.
The graphs reflect the analysis of three replication. R-

square for both graphs is 20.90.
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Figure 5.39 s8tandard curve for Kaolinite
XRD data showed that most XRD detectable
kaolinite/halloysite was in the fine clay fraction (<.2um),
and that smecite was in the coarse clay fraction (2-.2um).
Therefore, coarse clay XRD patterns were selected for

quantitative analysis. The data were curve fit by a
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constrained Lavenberg-Marquardt algorithm using computer
program "PI'O PILI PA'A" (Jones, 1989). A split pseudo-voigt
function was used to fit the data. The amount of each phase
was estimated on the basis of integrated peak intensities

(area under the peaks) wvia "standard mineral mixtures."
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Figure 5.40 Standard curve for smectite

The results of the quantitative analysis are summarized
in Table 5.6 and graphically shown in Figures 5.41 - 5.47.
All the results reported here were from coarse clay
fraction. Lualualei, taken as a benchmark series, contained
an estimated 17.512.5% smectite based on the "external
standard" mixture., The Honoulinli series contained 10% less

XRD detectable smectite than the Iualualei but 5-6% more

than the Waihuna series. On the basis of the "'standard




118
mixtures", the Waihuna series contained <2% XRD detectable
smectite. Removal of free iron from the Waihuna series

resulted in a small increase in smectite concentration.

Table 5.6 Quantitative mineralogical analysis
of soils under study

Soil Series Smectite Kaolinite/Halloysite
With Without With Without
Free Iron Free Iron
"""""""""" st2.5 %15
Lualualei 17.5 —— 11.0 ————
Honouliuli 7.0 ——— 27.0 ————
Waihuna (TL) 1.5 7.0 14.5 20.0
Waihuna (UC) 1.5 2.0 8.0 9.0
Waihuna(C) <1.0 2.0 8.0 11.0

TL~=type locality UC=uncultivated C=cultivated

Kaolinite/halloysite, the most abundant phyllosilicate
in the soils under study, was also quantified in the coarse
clay fraction although a significant part of it was also in
the fine clay fraction. The Honouliuli series contained
27+1.5% kaolinite/halloysite, about 16% more than the
Lualualei and 13-19% more than the Waihuna series. Among the
Waihuna series, solils from island of Lanai contained
14.5%1.5 percent kaolinite/halloysite whereas soils from the

island of Molokai contained 18%1.5% kaclinite/halloysite.
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Figure 5.41 Representative graph of decomposition
of Honouliuli series XRD
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Figure 5.42 Representative graph of decomposition
of Waihuna (type locality) series XRD
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Figure 5.43 Graph of Waihuna (type locality) series
XRD peaks decomposition after free iron removal
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Figure 5.44 Representative graph of decomposition
of Waihuna (uncultivated) series XRD
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Figure 5.45 Graph of Waihuna (uncultivated) series
XRD peaks decomposition after free iron removal
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Figure 5.46 Representative graph of decomposition
of Waihuna (cultivated) series XRD
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RSTAT - 0.18
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Figure 5.47 Graph of Waihuna (cultivated) series
XRD peaks decomposition after free iron removal

Table 5.7 Smectite peak diffracting parameters

Total area D-Value Mean diffracting FWHM Number of
(Deg.28 * (nm) domain size layers
Intens.) (nm) (Deg.28)

Honouliuli series
295.79 1.592 4.17849 1.975 3

Waihuna(type locality) series
45.98 1.530 4.29153 1.925 3

Waihuna (uncultivated) series
48.65 1.524 2.58470 3.150 2

Waihuna(cultivated) series
13.99 1.203 4,12800 2.000 3
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Information like diffracting domain size of a mineral,
its full width at half maximum (FWHM) and number of layers
per crystallite was also gathered during XRD peak decompo-
sition and presented in Table 5.7. The information is
important for the evaluation of physico-chemical properties
of a soil. It again shows that smectite was present in the
Hawaiian kaolinitic Vertisols and was composed of a small
diffracting domain size having only 2-3 layers per
crystallite.

5.6 Implication to S8o0il Classification

In order for a soil to be mapped as "kaolinitic" it
must meet the following criteria.

¥ more than half kaolinite, tabular halloysite,

dickite and nacrite by weight, smaller amounts
of other 1:1 or non expanding 2:1 layer minerals
or gibbsite and <10 percent montmorillonite"

in the clay fraction (<2um) (Soil Survey Staff, 1988).

A detailed mineralogical investigation of the soil
series under study has raised serious doubts about their
"kaolinitic" classification. XRD data supplemented by
electron micrographs proved the presence of tubular
halloysite in the Waihuna series. The 0.725nm - .73nm XRD
peak produced by these series was mostly dehydrated
halloysite rather than kaolinite.

The Honouliuli series, another kaolinitic Vertisol,
does not have as much halloysite but contains 7.0%2.5
percent XRD detectable smectite in coarse clay fraction (2-

.2pum) as compared to Lualualei series, a montmorillonitic
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Vertisol that contained 17.0t2.5 percent smectite. It is
believed that smectite would have been >10% in the
Honouliuli series if whole clay fraction (<2um) was used.
Based on this study it is recommended that the
taxonomic name (Soil Taxonomy) of the Waihuna series be
changed from Typic Chromusterts, very fine, kaolinitic,
isothermic to Typic Chromusterts, very fine, mixed,
isothermic. It is also recommended that classification of
the Honouliuli series be changed from Typic Chromusterts,
fine, kaolinitic, isohyperthermic to Typic Chromusterts,

fine, mixed, isohyperthermic.
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6. BUMMARY AND CONCLUSIONS

The Honouliuli series from the island of Oahu contains
an estimated 7+2.5% smectite in the 2-.2um (coarse clay)
fraction. The XRD detectable smectite is present in adequate
amounts to explain the physico-chemical properties of the
series.

The Waihuna series from the islands of Lanai and
Molokai contains a trace amount (<2%) of XRD detectable
smectite. There is no apparent correlation between observed
physico-chemical properties and the quantity of XRD
detectable smectite. Synthesized XRD patterns, however,
indicate that small crystallite size and complex random
interstratification can account for the meager showing of
smectite on the observed XRD patterns.

Interparticle diffraction can account for many of the
XRD observations made while investigating the Waihuna series
samples. In particular, mica was found to be omnipresent by
XRD although it was not detected by routine electron-
microscopy (EM). The mica (illite) crystallites' dimensions
in the crystallographic c-axis are apparently only a few
unit cells thick. When the clay fraction of the kaolinitic
Vertisols was packed into XRD specimen holders, the samples
were aggregated and oriented so that interparticile
diffraction was cbhserved.

Electron microscopy revealed that the 0.7nm peak

produced by the Waihuna series is mostly dehydrated
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halloysite rather than kaolinite. Electron microscopy also
revealed that the Waihuna series is highly flocculated,
indicating both positively and negatively charged particles.
The author postulates that as potassium was stripped from
the mica (illite) deposited from tropospheric dust, a
smectite called beidellite was formed. Beidellite possesses
a charge of about -0.6esu per 0,,(OH), formula unit which
originates almost entirely within the tetrahedral layer of
the mineral. Halloysite, because of its broken bonds on the
periphery of the tubes (pH 5.9 to 4.3; 1:1 water to soil)
apparently carries a net positive charge. Evidence from
electron microscopy pointed to an intimate association
between nalloysite and smectite. Smectite appears to wrap
around the halloysite tubes much the same way as paper
towels wrap around the central tube. Such smectite/-
halloysite associations would preclude the orientation of
smectite, and hence interparticle diffraction could not
occur.

Compared to soils containing significant amounts of XRD
detectable smectite, the Waihuna series (Typic Chromusterts,
very fine, kaolinitic, isothermic), with a trace amount of
XRD detectable smectite, has equal or greater shrink-swell
capacity. Cation exchange capacity (CEC) values for the
Waihuna series collected at the type location on Lanai
varied from 20 to 26 cmol kg @ soil. The CEC of the Waihuna

series collected on Molokai varies from 20 to 36 cmol kg'1




127
soil. By comparison, the CEC of the Lualualei series (Typic
Chromusterts, very fine, montmorillonitic, isohyperthermic)
ranges from 47 to 49 cmol kg'1 soil, and the Honouliuli
series (Typic Chromusterts, fine, kaolinitic, isohyper-
thermic) from 31 to 42 cmol kg'1 soil. The Honouliuli and
Waihuna series, kaolinitic Vertisols, have approximately
one-half to two-thirds of the specific surface area of the
Lualualei series, a montmorillonitic Vertisol. Specific
surface area values for Lualualei soils are 315 m‘?g'1 and 428
11129'1 for coarse clay (2-.2um) and fine clay (<.2um)
fractions, respectively.

Although smectite was not detected in the Waihuna
series by XRD, chemical and physical evidence indicated its
presence. The data suggest that smectite is present in
approximately one-half the concentration found in the
Honouliuli series and one-third in the Lualualei series.
Randomly interstratification of illite/smectite and
kaolinite or halloysite/smectite are strongly suggested.
Calculated XRD patterns suggest that smectite, composed of
few layers (3-10), present in small quantity (<10%) in
association with either illite or kaolinite is not XRD
detectable.

The above &ata and observations strongly suggest that
the presence of smectite as a thin crystallites and

nterstratificd with others minerals in the kaclinitis

2

Vertisols of Hawaii, although not detected by XRD, is the
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principal factor responsible for shrink-swell and other
physico-chemical behavior of these soils. Poor
identification techniques, failure to subfractionate the
clay separate and to correlate physico-chemical and
mineralogical properties and might be lack of indetail
understanding and inter-pretation of XRD patterns led to
earlier workers failure to identify smectite in the Waihuna
series.

Based on this study it is recommended that the
taxonomic name (Soil Taxonomy) of the Waihuna series be
changed from Typic Chromusterts, very fine, kaolinitic,
isothermic to Typic Chromusterts, very fine, mixed,
isothermic. It is also recommended that classification of
the Honouliuli series be changed from Typic Chromusterts,
fine, kaolinitic, isohyperthermic to Typic Chromusterts,

fine, mixed, isohyperthermic.
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Figure 7.1 XRD patterns of Lualualei series from

Hakimo road, Oahu; A=coarse clay B=fine clay
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Figure 7.2 XRD patterns of Lualualei series from
Naval road, Oahu; A=coarse clay B=fine clay
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Figure 7.4 XRD patterns of Honouliuli series from Ewa
Plains (sugarcane field), Oahu; A=coarse clay B=fine clay
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Figure 7.5 XRD patterns of Waihuna (type locality)
series from Lanai; A=coarse clay B=fine clay
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FPigurs 7.6 XRD patterns of Waihuna (cultivated)
series from Molokai:; A=coarse clay B=fine clay
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Figure 7.7 XRD patterns of coarse clay fraction
of Waihuna (uncultivated) series from Molokai
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Figure 7.8 XRd patterns of fine clay fractions
of Waihuna (uncultivated) series from Molokai




Table 7.1

Physical
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characteristics of soils under study

---------------------------------------------------------------------------------------------------

Percent Void Initial
ratio moisture

Depth

1.5MPa

Bulk

Particle Liquid Plastic Plastic Swelling

water density density timit Llimit index pressure

swell

2-20
20-40
40-50

0-20
20-40
40-60
60-80

0-17
17-31
31-56
56-93
93-113

113-133
133-153
153-173
173-201
201-226
225-250

23.5
26.0
26.0

22.0
23.0
21.5
21.0

1.73
1.73
1.7

1.64
1.67
1.60
1.59

C.v F.S
Mg/m™ =e=s  cevecenm-- X --eeeeee- --- KPa ---
Lualualei (Hakimo road) Series
3.19 61.5 36.8 26.7 xx.x  58.7
2.99 64.5 35.7 28.8 XX.X xX.X
2.99 64.7 35.9 28.8 45.5 53.9
Honouljuli (Sugarcane field) Series
2.88 46.8 29.8 17.0 xx.x 23.9
3.21 47.2 29.6 17.6 XXX XXX
3.02 41.8 28.7 13.1 21.1 23.9
3.24 xX.X XX.X AX.X XX.X XX.X
uMaihune (type locality) Series

2.82 60.0 35.0 25.0 XXX 47.9
2.83 72.5 40.3 32.2 XX.X XX.X
2.92 72.0 43.0 29.0 131.7 134.0
2.99 72.5 41.0 315 axux xx.x
2.99 XXX 44.0 XXX XX.X XX.X
2.98 72.5 42.0 30.5 xx.x ot.x
2.96 XX.X 41.7 XXX XX.X XXX
2.94 XX.X 43.3 XK.X XK XX.X
3.01 XXX 43.4 XXX XX.X XX.X
2.96 XX.X 42.5 XXX XX XXX
3.01 xX.X 42.6 XX.X xX.X XX.X

15

X X »

-
W X =~

X X X X X X X X

1.06
X XXX
1.09

1.06
XXX
1.06

XXX

1.06
X. XX
1.06
XXX
XXX
X. XX
XXX
X.XX
X. XX
XXX

Mo XX

12.03
XX XX
14.69

9.33
XXX
11.65

X o XX

12.19
X. XX
22.21
X. XX
XXX
X. XX
X. XX
XXX
X. XX
X. XX

XXX




Table 7.1 (continued)
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Percent Void

0-20
20-40
40-60

80-100
100-120
120-140
140-160
160-180

0-10
10-20
20-40
40-60

75-100

swell

7.4
9.3
X.X
X.X
X.x
X.x
X.X
X.X

X.X

11.5
12.5
XX.X
XX.X
XX.X

XX.X

1.6
2.4

Initial

ratio moisture

1.06
1.06
X.XX
X. XX
X.XX
XXX
XXX
X. XX

X« XX

1.05
1.05
X. XX
X. XX
XXX

XXX

1.06
1.05

10.75
15.23
XX.XX
XX XX
XX XX
XX. XX
XX, XX
XX. XX

KX XX

9.59
15.04
X. XX
X. XX
X.XX

XXX

13.1
6.77

1.54Pa  Bulk  Particle Liquid Plastic Plastic  Swelling
water density density limit Llimit index _pressure
c.v F.S
X e---- Ng/m? =e==  ceenecea- t SEEELELIL I --- KPa ---
Uaihuna (cultivated) Series
27.0 1.66 2.93 65.7 41.2 26.5 XXX 47.9
28.0 1.58 2.97 73.2 41.0 32.2 62.3 64.7
29.5 1.61 3.03 87.5 40.8 46.7 XXX XX.X
30.5 1.52 2.96 83.7 42.2 41.5 XXX XX.X
31.5 1.52 2.93 86.1 43.8 42.3 XX.X XX.X
32.0 1.56 3.03 87.5 45.7 41.8 XX.X XXX
33.0 1.50 3.00 xX.X 49.5 XXX XX.X xX.X
34.0 1.55 2.98 xX.X 52.3 XX.X XX.X XXX
34.5 1.57 3.06 XX. X 52.3 XX X XX.X xX.X
Uailuna (uncultivated) Serics
28.0 1.54 2.93 82.0 40.4 41.6 XX.X 69.4
28.0 1.56 2.93 86.2 41.9 44.3 71.8 69.4
32.5 1.65 2.87 111.8 45.0 66.8 XX.X XXX
35.0 1.66 2.96 115.5 47.4 68.1 XXX XX . X
36.0 1.59 2.95 112.5 47.8 64.7 XX.X XXX
37.5 1.61 2.58 106.0 51.9 54.1 XX.X XX . X
Hatloysite (standard)
Air dry
XX.X XoXX X.XX XXoX XX.X XXX XX.X 18.2
Heated (40C°)
XX . X XoXX XXX XXX XXX XXX XX.X 24.0
Heated (60C°)
XXX XoXX XXX XX. X XXX XXX XX.X 15.6

1.5

1.04

2.10



Table 7.2

Chemical characteristics
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of soil solution

NO,- S0,-
N S
mg L™

2-20
20-40
40-50

0-20
20-40
40-60
60-80

0-17
17-31
31-56
56-93
93-113

113-133
133-153
153-173
173-201
201-226
225-250

8.00
7.90

266.91
696.59

7.90 1203.84

7.50
7.65
6.85
6.90

5.10
5.64
5.69
5.58
5.42
5.25
5.30
5.20
5.29
5.33
5.30

370.00
208.11
227.1
263.97

32.55
20.25
24.75
20.15
18.00
19.75
21.05
23.25
23.05
24.00
24.20

16.17
14.70
36.33

11.55
4.83
9.45
4.83

28.20
5.75
1.95
1.10
1.05
1.15
1.35
2.15
1.85
1.45
1.10

Lualualei (Hekimo roed) Series
65.10 26.25 520.79 00.00 35.00
171.60 93.25 1212.33 00.00 206.00

582.33 221.76 2597.89 00.00 443.00

6.60
6.20
5.70

Honoul iuli (Sugarcane field) Series

111.72 1114.70 00.00 48.00 16.80
59.22 562.68 00.00 43.40 18.91
65.52 610.68 00.00 46.90 15.50
774.97 00.00 39.90 16.56
Waihuna (type locality) Series

173.90

89.00

90.70

127.30 76.23
47.85 16.50
26.15 8.65
34.45 15.55
18.75 10.55
11.45 7.25
9.65 7.10
8.50 5.95
8.05 5.45
6.7 4.75
6.20 4.65
5.35 4.20

114.66
46.99
57.14
564.51
31.95
22.56
29.32
30.08
23.31
25.19
29.32

37.50
23.86
37.50
20.45
11.67
9.17
7.42
5.7
4.17
4.46
4.21

3.30
1.86
1.13
2.10
6.48
10.48
10.29
11.90
13.81
14.29
13.33

8.55
4.40
3.20
2.90

00.00 0.0211 0.09 0.36 0.09
00.00 0.0526 0.27 0.45 0.27
00.00 0.0526 0.27 0.54 0.18

00.00 0.0421 0.18 0.45 0.36
00.00 0.0701 0.18 0.36 0.27
00.00 0.1123 0.27 0.45 0.18
00.00 0.0421 0.27 0.54 0.18

0.020 0.006 0.05 -- 0.25

0.007 0.006 0.046 -- 0.22
0.007 <0.003 0.03 -- 0.1
0.007 0.003 0.05 -- 0.26

5.60 <0.607 <0.003 0.03 -- 0.17

8.9
9.40
9.80
9.40
7.70
7.30

0.020 <0.003 0.03 -- 0.12

0.014 0.009 0.05 -- 0.20
0.007 <0.003 -- -- 0.07
0.020 <0.003 0.01 -- 0.20
0.014 ©0.003 0.01 -- 0.18
0.607 0.003 0.02 -- 0.19
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0-20
20-40
40-60
60-80
80-100

100-120
120-140
140-160
160-180

0-10
10-20
20-40
40-60
60-75

&
4.57
4.66
4.53
4.60
4.50
4.66
4.52
4.67

5.27
5.27

4.53

90.53
98.55
94.20
115.15
142.00
153.65
167.70
165.70
179.95

96.65
119.30
311.25
400.50
505.50
542.25

1.27
0.68
0.16
0.53
0.70
0.69
1.07
0.78
1.02

Table 7.2 (Continued)
Ca Mg ct NO,- SO, Si
N s
..................................... mg L
Vaihuna (cultivated) Series
1.67 2.88 87.83 00.00 30.37 12.68
1.40 2.28 84.05 00.00 36.49 12.36
1.26 2.23 85.10 00.00 43.43 12.36
1.40  2.32 112.41 00.00 53.08 12.13
1.29  2.26 148.31 00.00 52.61 12.09
1.3¢  2.22 193.39 00.00 52.41 13.00
1.15  2.01 228.46 00.00 48.39 14.95
1.08  1.80 243.96 00.00 44.16 15.09
1.06 1.73 258.55 00.00 42.48 16.91
uaihuna (uncultivated) Series
1.49 3.98 166.50 00.00 17.16 12.82
1.66  4.24 174.63 00.00 32.49 15.54
3.02 16.21 252.00 00.00 80.90 19.23
3.38  25.90 221.50 00.00 104.90 20.23
3.98 43.04 225.20 00.00 128.80 23.32
4.00 44.63 240.09 00.00 130.70 23.95

0.1152 0.024
0.0384 <0.006
0.0864 <0.006
0.0768 0.006
0.0768 <0.006
0.1344 <0.006
0.0768 <0.006
0.1152 0.006
0.0768 0.012

0.0480
0.0672
0.1056
0.1248
0.1440
0.2496

0.012
0.024
0.024
0.018
0.024
0.036

0.09
0.14
0.23
0.24
0.58
0.14
0.19
0.25
0.38

0.53
0.35
0.30
0.36
0.41
0.44
0.43
0.39
0.36
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