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ABSTRACT 

Arizona bentonite of various size fractions was 

studied by electron microscopy for possible explanations 

for the loss of crystallinity (as determined by X-ray 

diffraction) which results from dehydration. 

Although wet Arizona bentonite could not be 

directly studied by electron microscopy, the excellent 

basal crystallinity of a sample prepared as a naturally 

Ca-saturated artificial slickenside paste was attributed 

to preferentially oriented, long range ordered tactoids. 

Electron micrographs gave evidence that empty voids were 

formed in the sample upon dehydration. As a paste these 

voids were filled with water and were in addition to the 

voids formed in the sample as a result of shrinkage. 

Consequently, preferential orientation in the presence of 

water was lost on drying. In addition to orientation loss, 

the removal of water produced tactoid deterioration and 

sheet stacking disorder, thus substantially reducing the 

range of crystalline order. The electron micrographs 

also disclosed that the montmorillonite sheets assumed two 

morphological aspects: those which were flat, although 

they showed stacking disorder; and sheets which were 

warped, corrugated and spindled. It is suggested the 

xii 



corrugated and spindled phases are the result of substi­

tution of aluminum for silicon in only one silicon tetra-

hedral layer. Impurity materials such as amorphous 

silica gel and what is believed to be an authigenic, 

plagoclase feldspar were found to be responsible for 

aggregation of the montmorillonite into water stable 

aggregates with virtually no preferential orientation. 

Water stable aggregates did not contribute to basal X-ray 

diffraction in either a wet or dry state but are believed 

to contribute to basal disorientation of dry bentonite 

samples. 

A model for the montmorillonite in Arizona 

bentonite which displays an X-amorphous basal reflection 

is as follows: The clay mineral is a mixture of flat, 

warped, corrugated and spindled sheets. The sheets stack 

in such a way that there are very small domains of any 

given basal spacing and the spacings of the domains range 

from a minimum of about 9.4 A to over 18.8 A. The range 

of order in the domains of any given spacing is usually 

insufficient to produce definite X-ray diffraction maxima. 

There is virtually no preferential orientation. 



INTRODUCTION 

X-ray diffraction is one of the most useful methods 

for the mineralogical characterization of soil clays. 

Within recent years techniques using oriented sample amounts 

treated in different ways have evolved which are quite 

effective in identifying layer silicate clay minerals in 

soils (Brindley 1961, p. 87; Grim 1953, p. 224; Jackson 

1956, p. 187; MacEwan 1951, pp. 118-119; MacEwan 1961, 

p. 190). As part of the usual scheme of analysis, the 

clay mineral specimens are saturated with potassium and 

subjected to various heat treatments prior to X-ray diffrac­

tion analysis. Heating at 300°C causes the basal planes of 

most montmorillonites and vermiculites to collapse to about 

10 A. This spacing, caused by heat-induced collapse, is 

referred to as the minimum basal spacing by the above-cited 

workers. 

This author has found, however, that soil clays 

from Maricopa County, Arizona, rarely exhibited the decrease 

in basal spacings after saturation with potassium without 

1 
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also experiencing a decrease in X-crystallinity.-*- That is, 

the soil clay specimens which exhibited sharp basal plane 

peaks when solvated with either water or ethylene glycol 

displayed weak, poorly defined basal plane peaks after heat 

treatments with or without potassium saturation. 

The X-amorphous phenomenon, similar to that 

described above for soil clays, also occurs in a relatively 

pure montmorillonite (Arizona bentonite) as graphically 

displayed in Figure 1. 

Two models and their combination were considered as 

possible mechanisms of the X-amorphous phenomenon. The 

first model (Figure 2) assumes that the montmorillonite 

sheets are absolutely mica-like; i.e., the sheets bend only 

under extreme pressure. Also, this model assumes that ther 

are sheet fragments and silica, alumina or alumino silicate 

gels between the sheets. Figure 2a shows the clay sheets 

fully expanded with all voids filled with water and cations 

(in the case of Arizona bentonite the saturating cation is 

1. The terms X-amorphous and X-crystalline are 
from Jackson et al. (1952). X-crystalline is used to denote 
long range order sufficient to produce X-ray diffraction. 
The term "long range order" is avoided here because it 
conveys insufficient information about the extent of the 
range of order. "Long range order" is used in this disserta­
tion to denote crystalline order sufficient to diffract 
electrons. However, it should be understood that a range 
of order sufficient to diffract electrons may not be of 
sufficient range to diffract X-rays, hence the same material 
may be electron crystalline and X-amorphous. 



calcium). The gel is shown hydrated. Here, the hypothesis 

is made that the excellent crystallinity, shown in Figure 1 

for the wet specimen, is due to an "ordered" tactoid 

"structure". However, with the removal of water by heat 

treatments the clay "skeleton" collapses upon itself as 

shown in Figure 2b. In this model the sheet fragments and 

the dehydrated gels contribute to the overall disorder of 

the specimen. 

The second model (Figure 3) assumes that the clay 

sheets are irregular and under considerable strain because 

of isomorphous substitutions and a non-uniform distribution 

of charges. Figure 3a illustrates a fairly well-ordered 

structure with the intersheet space occupied by water and 

calcium ions. Here, water-cation cohesion between the clay 

sheets may have sufficient strength, in effect, to average 

the strain experienced by the individual sheets over a 

large number of sheets and thus improve the overall order. 

Also, because the sheets have greater separation in the 

"wet" (near the upper plastic limit) condition, the effect 

of non-uniform repulsive charges may be reduced. The model 

proposed in Figure 3b, however, shows what might be the case 

after the intersheet water was removed by heating. The 

curled-buckled-rolled-up sheets may have retained a degree 

of short range order involving three to five sheets, while 

long range order was virtually destroyed as a result of 



Fig. 1. Experimentally obtained X-ray basal diffraction 
maxima of Arizona bentonite (natural calcium saturated). 

The traces show a marked loss of X-crystallinity with a 
reduction of water content. X-crystallinity continues to 
decrease with heating until all absorbed water has been 
driven off, in which case intensity loss and peak broadening 
appeared to cease. The 350°C heat treated specimen shows a 
low intensity, indistinct "hump" originating at about 
16 A (5.5° 29) and continuing a little past 10 A (8.8 20). 
This "hump" depicts, for the purpose of this dissertation, 
the X-amorphous phenomenon under investigation. 
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Fig. 1. X-ray basal diffraction of Arizona bentonite. 



Fig. 2. Hypothetical mica-like model of Arizona 
bentonite. 

In Figure 2a intersheet water and calcium ions are 
primarily responsible for maintaining crystalline order. 

Figure 2b graphically displays a collapsed, disordered 
"skeleton" which results from loss of water. 
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X-Crystalline 

a. Wet (About The Upper 

X-Amorphous 

Oven Dry 

Fig. 2. Hypothetical mica-like model of Arizona bentonite. 



Fig. 3. Hypothetical model of Arizona bentonite. 

This model assumes the clay sheets to be warped and 
curled by strains resulting from isomorphous substitution 
and an uneven distribution of repulsive charges. 

Figure 3a depicts a fairly well-ordered structure 
presumably maintained by water and cations. 

Figure 3b graphically illustrates what may be the 
condition of the clay sheets in the absence of water. 
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—X- Crystalline 

a. Wet (About The Upper Plastic Limit) 

There is a slight localized variation in basal 

plane spacings, however, long-range order 

prevails. 

— X-Amorphous 

b. Oven Dry -- Compared to a., above, there is a 

loss of basal plane orientation, greater localized 

variation in basal plane spacings, the long-range 

order has been destroyed, and the effective 

particle-size is greatly decreased. 
Fig. 3. Hypothetical model of Arizona bentonite. 
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tactoid deterioration upon water loss. In most cases the 

short range order involved may not be sufficient to 

adequately reinforce X-ray diffraction. 

A third hypothetical model may more accurately 

represent an X-amorphous model; a combination of the models 

shown in Figures 2b and 3b. The clay may possess consider­

able strain caused by ionic substitutions and a non-uniform 

distribution of repulsive charges. The addition of a 

solvating substance, such as water, along with calcium ions 

is believed to create tactoids (see the discussion of the 

literature) of a common basal spacing, thus improving order, 

both short and long range. 

The objective of this study was to investigate the 

mechanisms responsible for the loss of basal plane intensity 

and peak broadening on a single mineral, montmorillonite, 

in order to provide insight and possible remedy for the 

X-amorphous phenomenon occurring in soil clay systems. 

Unfortunately, wet samples cannot be directly examined in the 

vacuum of the electron microscope. Only dry specimens could 

be viewed by electron microscopy, but this gave excellent 

insight into the validity of the models proposed in Figures 

2b and 3b. The validity of the models for a wet mont­

morillonite (Figures 2a and 3a) could only be speculated 

upon the bases of the tactoid concept. 



DISCUSSION OF THE LITERATURE 

The X-Amorphous Phenomenon 

Introduction 

The loss of basal reflection intensity and line 

broadening accompanying collapse to minimum basal spacing 

has been considered by many workers. Pennington and Jackson 

(1948) attributed the loss of basal plane intensity to the 

presence of amorphous materials. Gieseking (1949, p. 177) 

pointed out that weak or diffuse basal diffraction lines 

could be affected by mixing crystalline and amorphous 

materials; random interstratification of the mineral; clay 

mineral crystals too thin to give adequate reinforcement to 

diffracted X-ray; or a combination of all of these 

suggestions. 

Jackson et al. (1952) , working with weathered layer 

silicates, suggested that broadening of the basal diffraction 

peaks might be caused by a decreasing number of (001) 

diffracting planes of 10 A spacing until there was less 

than the minimum number to provide diffraction. The 10 A 

peak broadening upon heating was attributed to Sawhney and 

Jackson (1958) to the possible presence of some interlayer 

material, structural imperfections, or the presence of 

extremely small crystallites. 

8 
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In the process of making specific surface measure­

ments , Green-Kelly (1964) found there was no relationship 

between (001) line broadening and specific surface area. 

Therefore, he concluded that the surface areas were of 

aggregates rather than crystals. He found that because 

montmorillonite frequently displayed irrational (001) 

reflections, line broadening could not be used for 

particle size measurements of montmorillonite as it could 

be with other minerals. He attributed basal line broadening 

in montmorillonite to stacking disorder. 

Working with sodium carbonate treated soil clays, 

Follett et a^L. (1965) observed a diffuse scattering between 

10 and 14 A and a slight shift of the diffuse hump after 

heating to 600°C. Although no distinct component peaks 

could be identified, these workers stated that the hump 

could be attributed to randomly interstratified illite 

and vermiculite. According to MacEwen (1968) completely 

random interstratification assumes that the layers have 

no influence on each other. He therefore considered a 

partially random interstratification brought about by 

inter-layer interactions to be the more common cause of 

peak broadening. 

Aside from the few possible causes for peak broad­

ening and intensity loss cited above, sample preparation 

has also been discussed as a possibility. X-ray diffraction 

patterns obtained from soil clays by Harward and Theisen 



(1962) clearly show the X-amorphous phenomenon, although 

they do not refer to the problem by that name. Their 

conclusion was that clay mineral identification or 

characterization by X-ray diffraction alone should not be 

completely relied upon. These workers stated that X-ray 

diffraction results were contingent upon "clean-up" 

procedures, saturating cations, and mounting techniques. 

Also, selected treatments for X-ray diffraction analysis 

and mounting techniques were found to be contingent upon 

the clay minerals present as well as their size fractions. 

Harward and Theisen (1962) reported further that 

K-saturated, heat-treated specimens which had undergone 

the standard pretreatments showed a general rise of back­

ground or "plateau" in an interval from 10 to 14 A. They 

explained that the phenomenon was apparently the result of 

an intergrade between chlorite and montmorillonite and/or 

vermiculite. 

Gibbs (1965) has considered the mount itself as a 

possible explanation for the X-amorphous phenomenon. He 

showed that if size segregation took place in the process 

of producing the mount, as may be the case for an oriented 

glass slide, X-ray diffraction results may not be reliable 

either from a quantitative or qualitative standpoint. He 

showed that at a diffracting angle of 5.2° 20 (17 A for 

Cu k oc) f ninety percent of the diffracted beam originates 

from within a sample depth of only 4.8 u. However, as the 
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diffracting angle is increased to 8.8° 2© (10 A) the depth 

of the diffracted beam origin is 8.6 y. If size segregation 

were excessive during the preparation of a mount, then the 

observed expanded montmorillonite peak could very well 

originate from the finest fraction (which is presumed to be) 

on the sample surface. However, as the sample is dehydrated, 

the diffraction pattern could become complicated by dis­

oriented aggregates deeper in the sample. 

Stacking Sequence. The terms "X-amorphous" and 

"X-crystalline" are from Jackson et al. (1952). Although 

these authors were primarily concerned with the weathering 

of preferential planes in micaceous clay minerals, they 

discuss the concepts of random and zonal interstratifica-

tions which were believed to be responsible for the 

X-amorphous phenomenon. Figure 4 graphically illustrates 

perfect basal X-crystallinity as opposed to X-amorphous 

stacking conditions illustrated in Figure 5. Figure 5a 

shows a randomly stacked set of planes. This stacking 

condition would not diffract X-rays because of insufficient 

reinforcement. The stacking sequence as shown in Figure 

5b would probably produce two separate diffraction maxima. 

There may be line broadening and/or intensity loss due to 

disorientation, small crystal size, or dilution resulting 



Fig. 4. Schematic diagram illustrating X-crystallinity. 

As shown both the a. and b. diagrams illustrate a 
regular stacking sequence. If the expanded model shown in 
b. were to collapse, as shown in a., because of dehydration, 
there would be no loss of X-crystallinity expected (after 
Jackson, et al., 1952). 
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a. Unexpanded Planes 

[ 
b. Expanded Planes 

— X- Crystalline 

]~i 

-X-Crystalline 

Fig. 4. Schematic diagram illustrating X-crystallinity. 



Fig.. 5. Schematic diagram showing irregular and zonal 
stacking. 

These models, in part from Jackson et. al. (1952) , 
illustrate some possible stacking sequences which may 
account for the X-amorphous phenomenon. 
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—X-Amorphous 

a. Random Plane Spacings 

—X-Crystalline 
Zone 

•X- Amorphous 
Zone 

]J 

X-Crystalline 
Zone 

b. Zonal Plane Spacings j 
Fig. 5. Schematic diagram showing irregular and zonal 

stacking. 
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from non-crystalline^ materials or X-crystalline materials 

of different d spacings. 

Crystal Size. The Scherrer formula has been used 

by many workers for the calculation of crystal size by 

X-ray diffraction line broadening (for example Blackmore and 

Miller, 1961, Green-Kelly, 1964; and Cullity, 1956, p. 99). 

Therefore, from the Scherrer formula 

B = 0. 9 A 
r t cos 0 

B 

where 

Br is the line broadening taken at one-half the 

maximum intensity of the peak; Br is measured in 

radians. 

X is the wave length of the weighted Cu Koclines 

(1.5418 A) used for the diffraction. 

t is the crystal thickness in A. 

0B is one-half of the exact Bragg angle (2 0) in 

degrees of the peak. 

The smallest amount of line broadening which can be 

detected by a standard diffractometer is about 0.1 degree 0 

corresponds to a crystal thickness of about 720 A. This is 

equivalent to about 40 layers of expanded (18 A) 

montmorillonite. However, 40 layers of collapsed (10 A) 

1. Non-crystalline denotes short range order. 
Non-crystalline materials have an insufficient range of 
order to diffract electrons. 



Fig. 6. Effect of non-uniform lattice strain on line broadening and intensity 
loss. 

The dotted curves shown in b. represent several possible diffracting regions 
within the crystal. There are of course many more regions diffracting, the sum 
of which describes the broad, low intensity continuous curve (after Cullity, 1956). 



No Strain 

Nonuniform Strain 

Fig. 6. Effect of non-uniform lattice strain 
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raontmorillonite will produce a line broadening of about 0.2 

degrees 0 or twice as much line broadening as a 40 layer 

expanded sample. It follows that there is a distinct 

possibility that some of the line broadening contributing 

to the X-amorphous phenomenon may be caused by a decrease 

in crystal size due to dehydration. 

Frayed-Edge Theory/Bent Crystal Model. Figure 6, 

taken in part from Cullity (1956, p. 264), illustrates the 

effect of non-uniform strain on the resulting line broaden­

ing and intensity loss of the diffracted line. The 

characteristic Gaussian curve is shown in Figure 6a for 

a non-strained crystal. In contrast, if the crystal were 

subjected to a non-uniform strain (Figure 6b) so that its 

d spacings vary from a maximum of d^ to a minimum of d2, the 

resulting diffraction line will be a composite of all the 

possible lines of the d spacings from d^ to d£. The 

intensities will vary from a maximum for do to a minimum 

for which d^ and &2 have the smallest regions of those 

spacings because they are located at the edges. Although 

each region diffracts its own sharp peak corresponding to 

its spacing, only the continuous envelope shown in 

Figure 6b is experimentally obtainable. 

Drawing from the discussion of non-uniform strained 

crystal, the layer structure shown in Figure .7 will also 

produce a series of diffraction lines, the sum of which 

will produce a broad, low intensity peak. This, of course, 



Fig. 7. Fanned layer structure model. 
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UJ 

Fig. 8. Fanned layer-structure model witJi varying 
sizes of diffracting regions. 
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is an idealized case. Figure 7 is only intended to 

illustrate the similarities between the diffraction 

effects of a non-uniformly strained crystal and a fan ned 

out layer lattice. 

Jackson et al. (1952) discussed the frayed-edge 

theory of mica weathering with regard to the detection of a 

variety of peaks ranging from about 16 to 10 A. Jackson 

(1963) again discussed this theory in conjunction with mica 

weathering, intergrade and montmorillonite formation. Both 

of these cited considerations were based on the size and 

shape of the diffraction peaks from 10 to greater than 18 A. 

A schematic model of a frayed layer lattice along 

with its probable diffraction curve is shown in Figure 8. 

A curve of this shape has been obtained many times by this 

author with soil clays. The layer structure model was 

constructed purely on the basis of the observed intensities 

of the various regions labeled a through e. Thus, on 

the basis of the curve's shape the 10 A spacing of region a 

will be much larger than the 18 A spacing of region e. 

Although the model in Figure 8 shows a distinct 

stair stepping throughout the various d spacings, this 

would not be expected for an actual sample. The model is 

represented as such for clarity. Many zones of various d 

spacings would be expected, the concentrations of which may 

vary so as to produce the observed diffraction curve. 



Another type of curve obtained from soil clays by 

the author is shown with its possible model in Figure 9. 

This shaped curve perhaps more closely fits the frayed-edge 

theory of Jackson. 

Attention is called to the shape of the 350°C curve 

for Arizona bentonite shown in Figure 1. Here the shape of 

the curve is not as symmetrical as the curve shown in 

Figure 7, but it is not as asymmetrical as those shown in 

Figures 8 and 9. Thus, for the purpose of this discussion 

the curve referred to in Figure 1 does not fit those of 

the frayed-edge theory. Rather it seems to lie midway 

between the shapes of the curves in Figures 7 and 8. 

Perhaps a bent layer model approximating the model in 

Figure 7 would come closest to representing the X-amorphous 

phenomenon observed for Arizona bentonite. In this case 

the layer structure would assume a buckled, corrugated form 

with d spacings varying from a minimum of about 9.4 A to a 

maximum greater than 18 A. Here, of course, the assumption 

is made that the shape of the curves shown in Figure 1 is 

only a function of d space variations. The frayed-edge 

theory should certainly not be ruled out when considering 

the X-amorphous phenomenon for soil clays. 

Hendricks-Te11er Effect. The portion of the 

Hendricks-Teller Effect (Hendricks and Teller, 1942) which 

is considered here deals with phase shifts of the radiation 

scattered by neighboring layers having uniform structure 
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Fig. 9. Frayed-edge model. 
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factors, for example, montmorillonite. With this mineral, 

identical layers are considered to be separated by water 

layers or perhaps emptiness such as may be the case for the 

dehydrated form. In any event, the presence of interlayer 

material or emptiness is considered negligible when compared 

to the heavier atoms making up the layer structure. This 

assumption is probably very close to being correct. 

Hendricks and Teller (1942) show mathematically that, equal 

amounts of 10 A and 13 A materials will produce a diffraction 

maximum of 11.5 A. They also stated that an actual substance 

(a partially hydrated and anhydrous montmorillonite) seemed 

to display a similar behavior. 

Figure 10 illustrates the above concept. An illite 

from a geologic deposit and Arizona bentonite were separately 
I  

subjected to X-ray diffractometry while wet (near the upper 

plastic limit). Then equal amounts of the two minerals 

were mixed by shaking in a dilute water suspension. Finally, 

a paste of the mixture (near the upper plastic limit) was 

subjected to X-ray diffractometry. The results shown in 

Figure 10 closely approximate the effect predicted by 

Hendricks and Teller. 

The author has found that similar particle sizes 

and scattering powers of the layers are quite important if 

the Hendricks-Teller Effect is to be manifested as a d 

space averaging. These conditions are believed to be met 



with Arizona bentonite. Therefore, the Hendricks-Teller 

Effect may contribute to the X-amorphous phenomenon by 

averaging the many possible d spacings resulting from 

bending or fanning. 

Some MontmorilTonite Stacking and Structural 

Considerations. Not all of the previous workers are in 

complete agreement concerning stacking and structural 

considerations. However, a few are cited here for their 

possible value in the explanation of the X-amorphous 

phenomenon. 

Harward, Carstea, and Sayegh (1969) noted that six 

Ca-montmorillonites, including A. P. I. 23, exhibited 

diffuse or asymmetric peaks in the 12.5 to 13.8 A range 

when heated repeatedly to 150°C and reglycolated. They 

explained the lack of X-crystallinity as apparently due to 

mixed layer systems. Although these authors were working 

with relatively pure samples, their explanation for the 

X-amorphous phenomenon was similar to those cited for 

soil clays. 

Grim and Kulbicki (1961) compared Cheto and 

Wyoming types of montmorillonites by X-ray diffraction 

and heat treatments. They concluded that the Cheto type 

exhibited the more evenly distributed layer charge of the 

two. It was their belief that magnesium substitution in 

the octahedral layer was quite uniform because they found 



Fig. 10. Experimental evidence of the Hendricks-Teller 
Effect. 

This figure is a composite of three X-ray diffraction 
traces. In each case the mount was the Norelco bulk specimen 
holder. The samples were diffracted wet (near the upper 
plastic limit) . 
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no high temperature phases of either Mg-rich or Mg-poor 

specimens. It would appear to this author that because 

Grim and Kulbicki (1961) heat treated their samples on a 

macro rather than a micro basis an uneven charge distribu­

tion which might contribute to the X-amorphous phenomenon 

would go undetected. It might be expected that an uneven 

charge distribution responsible for uneven layer stacking 

might be perhaps only a few tens of Angstroms apart. 

Grim and Kulbicki (1961) further state that 

because of the unusually high loss of water upon heating 

(100-500°C) a few of the silica tetrahedrae may be 

inverted thereby losing the apical OH groups. If this 

were so, inverted silica tetrahedrae would certainly cause 

stacking disorder in the dehydrated form. 

By using the data of Grim and Kulbicki (1961), 

Varty and White (1964) performed a computerized multi­

variate analysis to determine if two distinct types of 

montmorillonite existed, such as the structure type of 

Hofmann-Endell-Wilm, referred to as Wyoming type, and 

samples with inverted tetrahedra such as the Cheto type. 

It did not appear to Varty and White that the small differ­

ences in substitution of A1 for Si in the tetrahedral 

sites would bring about the structural differences which 

might account for the different characteristics of 

Wyoming and Cheto montmorillonites. They did leave open 



the possibility that roost montmorillonites may be mixtures 

of at least two structure types in varying proportions. 

After analysis by computerized Fourier transform 

methods, taking into account the Hendricks-Teller mixing 

function as given by Brown and MacEwan (1951), Tettenhorst 

and Johns (1966) concluded that K-treated and organic-

solvated montmorillonite exhibited an asymmetrical distri­

bution of layer charge. They felt that interstratification 

bending, or curling of the clay layers may be a consequence 

of asymmetric layer charge distribution in montmorillonites 

Another computerized effort has been made to 

explain the X-amorphous phenomenon. Through the use of 

computerized Fourier transforms of a mixed-layer muscovite-

montmorillonite model, Ross (1968) found that if the pure 

end member phases have sufficiently different interplaner 

spacings, a large number of weak maxima appear in place 

of the two single strong peaks. He believed that this is 

the effect which causes a general diminution of intensities 

for all maxima in the intermediate composition range. 

It is interesting to note that Ross (1968) 

dsserted that testing of correctness of his projected 

models needed highly accurate experimental techniques not 

only to resolve very closely spaced X-ray reflections 

but also to continuously measure the diffuse-background 

scatter. This author is of the opinion that the models 



referred to by Ross could also be greatly improved by 

considering electron microscopic evidence by disclosing 

the stacking morphology. 

The genesis of the clay is believed to play a 

part in its characteristics. Van Olphen (1966) concluded, 

as did Weaver (1958), that the degree of crystallinity of 

heated, K-saturated mineral specimens may be related to 

their origin. Montmorillonites weathered from volcanic 

ash exhibited much poorer crystallinity than those believed 

to have weathered from parent mica. It is believed that 

there may be a difference in the degree of tetrahedral and 

octahedral isomorphous substitutions; the octahedral site 

is believed to be the prominent position of substitution 

in montmorillonites weathered from volcanic ash. 

The Tactoid Concept. Norrish (1954) has shown 

that a Na-saturated montmorillonite will completely disso­

ciate as the clay-water suspension becomes increasingly 

dilute. However, he and MacEwan (1961) stated that 

regardless of the degree of dilution, Ca-montmorillonite 

will not expand above 18.8 - 19 A. 

Blackmore and Warkentin (1960) found that an 18.8 A 

spacing persisted at all water contents (paste to more 

dilute) and any pressure. They concluded that any 

additional swelling took place between the clay "packets". 

Fink and Thomas (1964) reported that because of the 

strong electrostatic attraction of the divalent calcium 
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for the clay plates, expansion is mainly due to the hydration 

of interlayer calcium ions. Therefore, the interlayer 

water reaches a thickness of about 10 A. When additional 

water is added to the system the expansion is believed to 

take place between groups of clay platelets and results 

in "packet" expansion. The platelet "packets" just referred 

to have been more commonly termed "tactoids". 

In a study of "Tactoid Size and Osmotic Swelling 

in Calcium Montmorillonite", Blackmore and Miller (1961) 

show that basal spacings of montmorillonite pastes arise 

from tactoids only. They found no X-ray diffraction peaks 

arising from the spacings between tactoids. Tactoid 

sizes were computed by use of the Scherrer equation. 

Regardless of pressure history or water content (the 

lowest water content being a paste) the basal spacing 

was always 18.8 A. They interpreted this' to mean that 

the single sheets were packed together into tactoids with 

repeat spacings of 18.8 A. They further explained that 

there was a larger quantity of water between the-tactoids 

than within. It was concluded that in a calcium clay 

tactoids possess internal order but the spaces between 

them were irregular in frequency or shape. They concluded 

that clay sheets were clumped together as "single crystals" 

of repeat spacings of 18.8 A in the presence of water. 

However, as the clay sheets came into closer proximity to 
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one another by the loss of water, repulsive forces of the 

sheets promoted tactoid deterioration resulting in stacking 

irregularity and disorientation. 

Aomine and Otsuka (1968) point out that X-ray 

diffraction of montmorillonite at a relative humidity of 

17.8 percent shows a rather low intensity of the basal 

reflections, whereas a higher relative humidity, specifically 

6 7.2, produced a higher intensity basal peak. Their 

explanation for the difference of peak heights was that 

the interlamellar monolayer of water is incomplete in the 

drier specimen. 

Shainberg (196 8) found that in suspensions of 

Ca-montmorillonite the exclusion of CaCl2 was much smaller 

than double layer theory would predict. He interpreted 

this according to the tactoid model of the clay existing 

in packets containing about five platelets each. 

Shainberg and Otah (1968) state that the 

electrostatic energy of attraction between the interlayer 

ions and the montmorillonite sheets is proportional to 

the square of the valency of the adsorbed ions. This was 

considered by St. Jordine, Bodman, and Gold (1962) to 

account for the collapse of the clay sheets into tactoids 

when they are Ca++ saturated. 

Banin and Lahar (196 8) found by using optical 

methods in the visible range that not only did 
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Ca-montmorillonite form stable tactoids of five to fifteen 

parallel plates but also montmorillonite saturated with 

other ions showed the formation of tactoids to a degree 

dependent on the type of adsorbed ion. 

From the works cited above, it appears that the 

observed tactoid sizes are probably experiment dependent. 

More important than the exact size is the fact that they 

do exist, thereby showing the X-crystallinity seen in 

Figure 1. Also, from the standpoint of tactoid deteriora­

tion upon dehydration, the tactoid concept is important 

for understanding a loss of X-crystallinity. 

Ari zona Bentonite 

The bentonite deposit was formed by the 

argillation of vitric tuff and occurs in close proximity 

to the medial volcanic member of the Pliocene Bidahochi 

Formation. These deposits lie on the southwest flank of 

the Defiance Plateau about midway between Holbrook, Arizona 

and Gallup, New Mexico (Kiersch and Keller, 1955). 

Arizona bentonite, a name commonly used in the 

Department of Agricultural Chemistry and Soils, University 

of Arizona (for example, Anderson and Sposito, 1963) is 

also referred to as Cheto bentonite (Grim and Kulbicki, 1961), 

Cheto clay (Sloane and Guilbert, 1967) or bleaching clay 

(Kiersch and Keller, 1955). The montmorillonite from 

the bentonite deposit is generally referred to as Cheto 



montmorillonite (for example, Furlong, 1967). The 

montmorillonite-bearing clays collected in the Chambers, 

Arizona vicinity, labeled A. P. I. 23, are quite similar 

to the montmorillonite-bearing Arizona bentonite 

collected by the author. Hence, Arizona bentonite and 

A. P. I. 23 are considered here to be virtually synonymous. 

Strip mined Arizona bentonite is used in an acid 

treated "activated" form for absorbing coloring matter 

and impurities from oils, as a cracking catalyst for high 

octane gasoline, and other processes in the oil and 

chemical industries (Kiersch and Keller, 1955; Clem and 

Doehler, 1961). Recently, Drs. Albert L. Picchioni and 

Lincoln Chin of the Poison Control Center at The University 

of Arizona have been testing the Arizona bentonite fine 

fraction for its effectiveness as an antidote (personal 

communication). 

Previous Electron Microscopy of Arizona Bentonite 

Early electron micrographs revealed only irregular 

feathered flakes and showed little or no details concerning 

their crystallinity (Davis et al., 1950; Molloy and Kerr, 

1961). Jones (1963) examined raw Arizona bentonite by 

electron microscopy. Although details of the inner folding, 

randomness of the montmorillonite sheets were revealed for 

the first time, the micrographs failed to display the 

X-amorphous character of the clay. 



Efforts to display the morphology of Cheto 

bentonite were successful to a fair degree by the replica 

method (Grim and Kulbicki, 1961). Recently an electron-

optical study of the alternation of latitic ash to 

smectite was conducted using a replica method (Sloane 

and Guilbert, 1967). These excellent micrographs revealed 

the remains of vitric shards and glassy fragments from 

which argillization had developed. Sloane and Guilbert 

(1967) concluded that the process of argillization had 

not been uniform throughout but first attacked the more 

susceptible glassy phases. 

An electron micrograph of the montmorillonite 

deposit from Chambers, Arizona is included in the Atlas 

of Electron Microscopy of Clay Minerals and Their 

Admixtures, (Beutelspacher and van der Marel, 196 8). 

Perhaps the latest electron micrographs of a Na-saturated 

A. P. I. 23 are presented by Roberson, Weir and Woods 

(1968). These and the above-mentioned micrographs reveal 

the feathery-folded-innerlocking character of the sheets. 

Sonic Dispersion 

Edwards and Bremner (1967) reported that dispersion 

of Ca-montmorillonite by sonic vibration was as effective 

or in most cases more effective than common chemical 

dispersion methods. They also found that the damaging 

effects of particle abrasion were less by sonication than 



by extended periods of shaking, particularly for fine 

materials (less than 200 mesh). Thus they concluded that 

dispersion by sonication instead of chemical reagents was 

effective with a minimal loss and alteration of soil 

constituents. The method was found particularly useful 

in the studies of mechanisms of soil aggregation and 

dispersion and in research on the nature and properties 

of soil minerals. 

Roberson, Weir, and Woods (1968) found that a 

probe-type sonicator was more effective for breaking down 

micro-aggregates than using a beaker of suspension in a 

tank-type sonicator. This author also found that sonica­

tion was ineffective when a container of the sample was 

used within a tank-type sonicator. Therefore, all 

sonication used for this study was carried out directly 

in the tank without the use of a container. 

Sample Freeze-Drying 

The practice of freeze-drying various types of 

specimens for electron microscopy has been in use for many 

years. Freeze-drying of biological specimens has been in 

use at least since 1946 (Wyckoff, 1946). A method of 

spray freeze-drying for biological materials is described 

by Williams (1953) and further discussed by Hall (1953) . 

The electron micrographs shown are quite striking in that 

they display the material in its original three dimensional 



form. By contrast, air-dried specimens are badly distorted 

and flattened by the forces of surface tension. However, a 

common problem encountered with freeze-drying was" cell 

alteration by ice phase changes. Hall (1953) stated that 

if the ice temperature during sublimation is held below 

-100°C phase changes should not be a problem. Such stringent 

requirements could not be met for the lyophilized specimens 

studied in this dissertation. 

In preparing dry clay specimens for electron 

microscopy the requirement for specimen fidelity is at 

least as stringent as for biological materials. Upon air-

drying, clay particles tend to become rearranged and pore 

spaces are distorted or obscured by surface tension forces. 

To prevent this, St. Jordine, Bodman, and Gold (1962) used 

freeze-drying for the preparation of montmorillonite 

electron microscope specimens. 

Bowles (1968) found that freeze-drying was by far 

the best drying method to use when specimen fidelity is 

required. He reported that Rosenquist (1959) using carbon 

replicas, estimated a volume increase of only about 3 

percent for the cardhouse structure of undisturbed marine 

sediments. Charm (1967) listed another important reason 

why freeze-drying is superior to air or oven drying: There 

is no particle size separation with quick freezing such as 

with prolonged standing necessary for other drying techniques. 



Charm (1967) also pointed out that lyophilized clays are 

well suited to air elutriation, a very important considera­

tion in view of the filmless electron microscope grid 

method of specimen preparation described in Appendix IV. 

There are criticisms of lyophilization. Norrish and 

Rausell-Colom (1962) and Ahlrichs and White (1962) 

independently concluded that either freezing or lyophiliza­

tion "severely" alters montmorillonite gels. They observed 

a basal spacing shift toward a smaller value. Norrish and 

Rausell-Colom (1962) attributed this to a complete loss of 

interlayer water for Na-montmorillonite and a loss of all 

but two water layers for Ca-montmorillonite. Ahlrichs and 

White (1962) reported that the pore spaces of the gel were 

greatly increased. 

Norrish and Rausell-Colom (1962) noted that unless 

the ice crystals are anisotropic in shape they will tend to 

disorient the clay particles in much the same way as would 

quartz crystals. This author has found evidence that this 

is indeed the case. However, there was no problem in 

recognizing the presence of ice crystals in the micrographs.. 

Ahlrichs and White (1962) as well as Charm (1967) 

found that thawed specimens and re-hydrated, lyophilized 

specimens would regain their original basal spacings as 

determined by X-ray diffraction. Also, there appeared 

to be no loss of peak intensity or line broadening for the 

restored samples. In this author's opinion, drying the 



clay samples by lyophilization is the best drying method 

when maximum specimen fidelity is required. Decreases in 

basal spacings are not considered serious in view of their 

complete restoration upon rehydration. However, the drying 

history of electron microscope specimens is very important 

for the interpretations of the micrographs. 



Fig. 11. A photograph of the worked out bentonite pit 
where the sample was collected. 

The exact collection site is the light area within the 
circle. 
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Fig. 12. A close-up photograph of the bentonite layers. 

The sample removed was the entire crack and contamination 
free mass of material above the large slickenslide seen de­
clining about 45° from the left shoulder. 



Fig. 13. Flow chart summarizing the preparational procedures. 

This flow chart and its continuation on the next page summarizes the 
clay mineral preparational procedures and clearly establishes each stage 
during the preparation from which information shown in the "Results and 
Discussion" section was taken. 

Data Legend 

Type of Data 

Photographs 

Electron micrographs 

X-ray diffraction 

' Abbreviation 

Photo 

E. M 

X. R. D 

X-ray fluorescence X. R. F. 



Flow chart summarizing the preparational procedures. 



Fig. 13. Flow chart continued. 

This portion of the preparation flow chart is a continuation of 
Fig. 13. Please refer to Fig. 13 for legend. 
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MATERIALS AND METHODS 

Sample Preparation 

Arizona Bentonite 

Arizona bentonite, used for this study, was 

collected in the Cheto area near Sanders, Apache County, 

Arizona, Sec. 23, R29E, T21N. Arizona bentonite, also 

referred to as Cheto bentonite, is mined by the Filtrol 

Corporation. 

The above map coordinates are for the large 

worked-out pit shown in Figure 11. The exact collection 

site is the light area within the circle. Before excava­

tion there was an estimated 50 ft. of overburden on the 

bentonite layer. 

A close-up of the sample site, inspected by Dr. 

Stanley W. Buol, Professor of Soils, North Caroline State 

University, is shown in Figure 12. The color of the 

bentonite was almost bone white. The reddish areas show­

ing in Figure 12 are material from the overburden that 

sifted into the cracks in the bentonite layer. The sample 

removed for study was the entire crack and contamination 

free mass of material above the large slickenside seen 

declining at about 45° from Dr. Buol's left shoulder. 

41 
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The sample was sealed in double polyethylene bags 

at the site and stored in a cool, dark place until analyzed. 

There was negligible change in water content while the 

bentonite was stored. 

As a reader's aid, sample preparation steps are 

displayed in flow chart (Figure 13) which identifies the 

four types of data presented in the "Results and Discussion" 
* 

section. These forms of data are photographs (Photo.), 

electron micrographs (E. M.), X-ray diffractometry traces 

(X. R. D.) and X-ray fluorescence scans (X. R. F.). In 

several cases more than one electron micrograph were 

included for a single preparational step, in which case 

they are listed in the text with the same "E. M." number. 

For a detailed explanation of the sample preparation 

see the Appendices. 



RESULTS AND DISCUSSION 

The characterization of X-amorphous phases of 

Arizona bentonite was conducted to give insight into the 

factors responsible for the X-amorphous phenomenon 

illustrated by Figure 1. Evidence is provided for clay 

sheet stacking disorders caused by warped, rolled or 

distorted sheets due to crystalline defects and possible 

contaminants such as amorphous gels, sheet fragments and 

non-montmorillonite minerals. 

The evidence supporting the conclusion of this 

study will be presented in the same order as the various 

preparational stages (see the flow chart, Figure 13). 

' Raw Arizona Bentonite 

Nearly bone white, raw Arizona bentonite is displayed 

in Photo. 1 (Figure 14). Prior work by this author revealed 

a relatively high barium content in the black specks as well 

as manganese, and X-ray powder camera data confirmed the 

presence of psilomelane as well as other manganese oxides, 

pyrolusite, for example. The black specks did not contri­

bute to the X-amorphous phenomenon because they fell into 

a size fraction larger than that studied. However, 

crushed raw Arizona bentonite including the manganese 

containing specks gave only a montmorillonite X-ray 

43 



diffraction pattern plus a small amount of quartz found in 

some samples. This is illustrated by the composite X-ray 

diffractogram X. R. D. - 1A (Figure 15) where air-dried and 

oven-dried raw bentonite is compared with quartz sand. The 

slight shifts noted for the quartz and montmorillonite 

general reflections are possibly caused by a slight packing 

difference in the bulk sample holders used for the 

diffraction. 

Of particular interest in X. R. D. - 1A (Figure 15) 

is the complete loss of the montmorillonite basal reflec­

tion upon oven-drying. The sample used for the air-dry 

diffractogram was left undisturbed in the bulk specimen 

holder and oven-dried at 110°C. This specimen was then 

subjected to X-ray diffractometry as soon as it was removed 

from the oven. The greatest contributory factor for the 

loss of basal reflection may be a loss of basal plane 

orientation due to clay sheet rearrangements upon 

dehydration. The first general reflection peak 

(4.46 to 4.48 A) also exhibited a marked loss of intensity. 

This has been noted to occur for electron diffraction as 

well. This is associated with excessive sheet curling and 

rolling as revealed by the micrographs. 

X. R. D. - IB (Figure 16) is a diffractogram of 

raw Arizona bentonite mounted on a curved specimen holder 

and is the only trace not drawn proportional to the actual 



peak heights. However, the reader can gain insight into 

the actual peak intensities by considering the full scale 

counting rate used for each region indicated on the 

diffractogram. The sensitivity was increased as the 

diffraction angle became higher, so that the maximum 

crystallographic information (with the exception of 

intensities) could be gained. The sample holder curvature 

was adjusted for each diffraction region on X. R. D. - IB 

and is also indicated as the "sample holder setting" on 

Figure 16. 

X. R. F. - 1A (Figure 17) is a linear X-ray 

fluorescence spectrometer trace showing the relative 

amounts of the heavy elements present in raw Arizona 

bentonite. First, it is pointed out that barium was not 

detected in the montmorillonite fine fraction. As 

mentioned above, barium was present in the black specks 

seen in Photo. 1 (Figure 14). Secondly, there appeared 

to be a high iron content. Since the sample was almost 

bone white, the iron was apparently present in the ferrous 

form and located in the octahedral position in the 

montmorillonite. The published concentration of iron in 

Arizona bentonite (A. P. I. 23) is 1.6 percent as compared 

to calcium at approximately 2 percent (Kerr et al., 1950, 

pp. 80 and 81). Thus, as noted on X. R. F. - 1A the 

spectrometer has a much higher sensitivity for iron than 



Fig. 14. Photo. 1, Raw Arizona bentonite. 

Magnification: approximately 2X 
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of air-dry and oven-dry raw Arizona bentonite and quartz sand. 

Mount: bulk specimen holder. 
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for calcium. Nonetheless, iron may be important to the 

X-amorphous phenomenon by virtue of its oxidation upon 

heating. The samples do darken upon heating so that there 

is a distinct possibility that the ionic radii of iron will 

drop from 0.74 to 0.64 A upon oxidation (see Ahrens, 1952). 

However, iron oxidation certainly would not be expected to 

be as great for heating to 110°C as for the higher 

temperatures. 

X. R. F. - IB (Figure 18) is the light element 

spectrometer trace for the same sample shown in X. R. F. -

1A. Here, attention is called to the potassium peak. 

Kerr et al. (1950, p. 88) state that sericite was found in 

Arizona bentonite (A. P. I. 23) and may account for the 

source of pot-assium. 

An electron micrograph of raw Arizona bentonite 

shown in E. M. 1 (Figure 19) reveals the folded, rolled 

nature of the sheets. It was from this material that 

X. R. D. - 1A and IB were produced. As can be seen, the 

material does not assume a plate-like orientation but 

rather consists of microaggregates of no definite 

morphology. 

Water Stable Fraction 

Water-stable, coarse-sand size particles obtained 

by water elutriation were studied in considerable detail 

for the purpose of isolating mineral impurities possibly 



Fig. 17. X. R. F. - 1A, Linear X-ray fluorescence trace of 
selected elements in raw Arizona bentonite. U1 
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Fig. 19. E. M. 1, Raw Arizona bentonite. 

Preparation: air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 

Magnification: 150,000X 



contributing to the X-amorphous phenomenon. As seen in 

Photo. 2 (Figure 20) the particles possess no definite 

morphology and some contain manganese oxide specks as did 

the raw bentonite (Photo. 1, Figure 14). Not apparent in 

Photo. 2 was the slight color differences of the various 

particles. While some were absolutely bone white, others 

were off white to light gray. 

The bulk of the bentonite sample collected for 

study was bone white, and the white particles were 

selectively collected, crushed to 300 mesh, and pelletized 

for analysis by X-ray diffraction and fluorescence 

spectroscopy. Pelletization was found to be necessary for 

diffraction because no basal plane reflections could be 

obtained from either a bulk or oriented glass slide 

specimen. However, as seen on X. R. D. - 2A (Figure 21) 

the basal reflection even from the pellet was not sharp. 

Inspection of X. R. D. - 2A (Figure 21) reveals 

a small quartz impurity, found also in the bulk sample, 

plus two small peaks appearing at 3.29A and about 3.19A. 

Although a feldspar was suspected from the position of 

the peaks, a specific variety could not be positively 

identified. Therefore, in an attempt to gather more 

information which would aid in the characterization of 

the mineral impurity, a single, bone white particle was 

selected for an X-ray powder camera study, the results of 

which are shown in X. R. D. - 2B (Figure 22). 



Fig. 20. Photo. 2, Close-up photograph showing water-stable 
particles obtained by water elutriation. y, 
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The first diffuse line of interest appearing on 

X. R. D. - 2B (Figure 22) was labeled Ca because of the 

good probability that the line was from a poorly 

crystallized calcium aluminum silicate hydrate 

Ca (Al2Si40^2)•6H2O. This line was diffused from about 

8.34 to 7.13 A with the maximum intensity at about 8.12 A 

The next two impurity lines appearing on X. R. D. - 2B 

were labeled An for anorthite. Like the Ca line, the An 

lines were diffuse and yielded no concrete information 

about positive identification. These lines were diffused 

from about 6.37 to 5.71 A and 3.24 to 3.07A. The 

maximum intensity on the first An line appeared to be 

close to the 6.37 edge whereas the highest intensity for 

the second An line appeared to be about 3.15 A. 

Electron micrographs of a kindred sample (E. M. 2 

Figures 23 and 24) show a poorly organized material 

apparently coating the montmorillonite sheets. However, 

Figure 26 reveals two cleavage planes and the possibility 

of a tabular habit. A 500,000X micrograph (Figure 24) 

provided no additional information about the impurity 

except for the moire appearing at the left of the 

micrograph when viewed horizontally. 

Figure 25 is an electron diffraction pattern of 

the material shown in Figures 23 and 24. The dark mask 

is the outline of the objective aperture. This and all 
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Fig. 22. X. R. D. - 2B, X-ray powder diffraction photograph of a 
single, water-stable particle. U1 

VO 



Fig. 23. E. M. 2, Water-stable material; 
magnification 137,500X. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



Fig. 24. E. M. 2, Water-stable material; magnifi­
cation 500,000X. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 
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other electron diffraction patterns shown in this 

dissertation were made with a beam potential of 175 kV. 

The best measurement of the first spots (from 

the center) on Figure 25 gives a d spacing of 6.4 to 6.5 A. 

The second and most intense spots were even more difficult 

to measure, but the d spacing appeared to range from 3.12 

to 3.30 A. The pattern suggests a poorly organized 

feldspar. The powder rings seen on Figure 25 are 

montmorillonite 110-020 and 130-200 lines. With the 

montmorillonite rings as a reference it can be seen that 

the spot pattern is not concentric with these rings and 

the central spot. As explained by Hirsch fet al^ (1965, 

pp. 132-137), the displacement of diffraction spots is 

brought about by reciprocal lattice spikes encountered 

in extremely thin crystals. The crystal planes also were 

probably not perfectly oriented. 

A single sand-size, bone white grain was also 

selected for single particle X-ray fluorescence heavy 

element analysis (X. R. F. - 2A, Figure 26). When com­

paring these data with that of the raw bentonite (Figure 

17), a number of differences are apparent. Therefore, when 

considering relative sensitivities as indicated for Figure 

17, there is much less iron present in the water-stable 



Fig. 25. E. M. 2 ,  Electron diffraction pattern of the 
material shown on Figure 24. 
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particles than in the bulk bentonite. Third, the manganese 

peak is almost as intense as the calcium peak in Figure 26; 

a feature different from the bulk sample. The relatively 

high manganese content may, however, be the result of 

embedded manganese oxide specks as seen in Photo. 2 

(Figure 20). 

A heavy element fluorescence scan of the pellet 

used for X. R. D. - 2A (Figure 21) is shown in X. R. F. -

2B (Figure 27). This trace was made with a chromium 

target primary X-ray tube; therefore, manganese could not 

be determined. X. R. F. - 2B (Figure 27) confirms the 

relatively low iron concentration and reveals the presence 

of barium. Barium was not detected in the manganese oxide 

free montmorillonite. 

A comparison of the light element trace of the 

pellet (X. R. F. - 2C Figure 28) with a pellet of the raw 

bentonite (X. R. F. - IB, Figure 18) reveals the following 

information: The calcium content of the two samples was 

very nearly the same; however, the potassium content of 

the water-stable particles was lower than in the raw 

bentonite. Because of this the impurity mineral labeled 

An in X. R. D. - 2B, Figure 22 is probably a plagioclase 

feldspar. There also appears to be substantially less 

sulfur in the water-stable particles than in the bulk 

bentonite, thus ruling out the possibility of sulfates or 
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Fig. 28. X. R. F. - 2C, X-ray fluorescence trace of the light elements 
in pelletized water-stable particles. 



sulfides as cementing agents. And finally there seems to 

be a slightly higher concentration of silica and aluminum in 

the water-stable particles than the bulk sample. This 

would at least place the impurity materials in the 

montmorillonite as silicates, alumino silicates or calcium 

aluminum silicates. 

Two elements beyond the capabilities of the X-ray 

fluorescence spectrometer were sodium and magnesium. Kerr 

et al. (1950, p. 88) list sodium at 0.5 percent and 

magnesium at 1.4 percent in the raw bentonite. The 

magnesium is probably present as isomorphously substituted 

ions in the montmorillonite. Sodium, generally believed to 

be only on the exchange complex of the montmorillonite, 

could possibly be present in part in a plagioclase feldspar. 

Of 530 electron micrographs taken for this 

dissertation only the water-stable material and the coarse 

size fraction of the bentonite showed moire patterns. 

Moire patterns are formed as a result of the interaction 

of crystal lattice diffraction images: two lattices of 

the same spacing rotated slightly with respect to each 

other, or lattices of slightly different spacings super­

imposed or a combination of the two conditions. Regardless 

of the conditions under which moire patterns are formed 

the lines will always be straight if there are no 

crystalline defects. 
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E. M. - 2 (Figures 29 and 30) shows moire patterns 

on the sheets which indicates a high degree of crystalline 

defect either in the montmorillonite or in a possible 

impurity mineral or both. Figure 32 shows moire patterns 

which generally run in one direction but display large 

crystalline imperfections. On the ojbher hand, the moire 

patterns in Figure 33 are characterized by more random 

patterns indicating an even poorer crystallinity than that 

shown in Figure 29. 

Figure 34 shows a combination of what could be a 

montmorillonite lattice image (probably 110 or 020 planes) 

and a very fine moire pattern. The material shown in this 

electron micrograph was shown by electron diffraction 

(Figure 32) to be similar to a montmorillonite pattern 

obtained by Cowley and Goswami (1961). 

These workers reported that the nearly hexagonal 

symmetry of the spot pattern, instead of two dimensional 

symmetry as would be expected from montmorillonite, 

probably results when the sheets are stacked with a 

rotation of 60 and 120 degrees. 

If Figure 31 is viewed parallel to the arrows two 

parallel lines will be observed at the end of the arrow A. 

These lines and similar lines running parallel to the 

arrows have a spacing of about 4.44 A and may be the lattice 

image of the 110 or 020 planes. 



Fig. 29. E. M. 2, Moire pattern, water-stable 
material; magnification 250,000x. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



Fig. 30. E. M. 2, Moire pattern, water-stable material; 
magnification 500,000X. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



Pig. 31. E. M. 2, Fine Moire pattern on montmoril-
lonite; magnification 1,500,000X. 

Preparation: Air-dried, crushed 300 mesh. 

Mount: Filmless grid. 



Fig. 32. E. M. 2 ,  Montmorillonite, single crystal 
electron diffraction pattern from the area shown in Fig. 31. 



The spacing of the moire pattern varies from 

about 8 A to 15 A. This pattern could have been produced 

by the interaction of the lattice image of the 110 planes 

with that of the 020 planes if dQ2Q were slightly greater 

or less than d^io* Also each sheet would necessarily 

have to be rotated 60° with respect to each successive 

sheet. If these conditions were met, the moire pattern 

would run parallel to the planes producing it. The moire 

pattern is of value here because it reveals the crystal 

imperfections. Once again, if the reader views Figure 31 

in the direction of the arrows, he will notice that some 

of the lines run together, a condition caused by lattice 

defects. 

By contrast, the fine moire pattern produced by a 

presumably pure montmorillonite indicates that the coarse 

and distorted noire patterns in Figures 29 and 30 most 

certainly must have been produced by the diffraction image 

interactions of montmorillonite and some other poorly 

crystallized mineral. 

A tilt of the tactoid is apparent by the difference 

in Fresnel fringes at the crystal's edge. At the upper 

edge of Figure 31 the light fringe appears inside the 

crystal's edge indicating an overfocused condition as 

opposed to the underfocus condition at the bottom of the 

figure. The distorted hexagonal electron diffraction 



pattern in Figure 32 may have been produced by the tilted 

specimen (Zvyagin 1964, p. 100 and p. 106). It is also 

conceivable that because of the tilted specimen, hkl 

spots are showing in place of hkO spots. MacEwan (1961) 

lists hkl lines for beidellite, and these lines may also 

be possible for a well crystallized Arizona bentonite. 

Cowley and Goswami (1961) were able to obtain a similar 

single crystal electron diffraction pattern from a 

montmorillonite but were puzzled by the spot intensities. 

The first ring of spots (from the center) measures from 

about 4.44 to about 4.07 A (110-020) or hkO and hkl spots, 

while the second ring of spots, averaging about 2.54 A 

(130-200) was in most cases more intense than the (110-020) 

spots. This anomaly was explained by Cowley and Goswami 

as probably caused by bent crystals. They constructed a 

model consistent with both a structure proposed by X-ray 

diffraction and electron diffraction by bending the sheets 

and slightly rotating the silica tetrahedra. 

Figures 33, 34 and 35 show the montmorillonite of 

the water-stable particles to appear much the same as that 

in the raw material. Besides the rolled, folded, inter­

locked appearance of the sheets, another important feature 

is illustrated in these three electron micrographs. 

That is the effect of focus. Figure 33 is almost at exact 

focus, showing the sheets as perfectly smooth. Although 



the resolution of this micrograph is good (about 50 A), 

the character of the material does not stand out because 

a low detail contrast is inherent in a perfectly focused 

micrograph. 

Figure 34 shows areas at nearly perfect focus and 

slightly underfocused as evident by the white Fresnel 

fringe. Over, under, and exact focus areas can appear as 

the result of the three dimensional character of the 

material, preserved only by using the filmless grid mounts 

described in Appendix IV. Here, the difference in the 

character of the material shown by near and underfocused 

can be compared. Besides the improvement of contrast for 

the underfocus regions, the sheets appear to have an 

"orange peel" texture. This is especially true for the 

sheets seen in Figure 35. 

The "orange peel" texture arises from the effect of 

material or features on the surface of or between the 

sheets and does not seem to appear for either a single or 

a few sheets unless viewed at high magnification. Thus, 

the "orange peel" texture is a form of moire pattern. This 

surface texture appears on all slightly underfocused 

calcium-saturated montmorillonite. A possible explanation 

for the "orange peel" texture is that it could be a 

misfit in the stacking sequence of the sheets. 



Fig. 53. E. M. 2, Water-stable material; magnifies 
tion 75,000X. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



Fig. 34. E. M. 2 ,  Water-stable material; magnifica­
tion 100,000X. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



Fig. 35. E. M. 2, Water-stable material; magnifi­
cation 150,000x. 

Preparation: Air-dried, crushed to 300 mesh. 

Mount: Filmless grid. 



The characteristics of the water-stable particles 

are summarized as follows: 

1. The lower iron content as compared to the raw 

bentonite could be the result of dilution by other 

elements, or less isomorphously substituted iron 

in the montmorillonite. If the latter possibility 

is the case, then there may be structural differ­

ences between the montmorillonite in the water-

stable particles and that in the bulk samples. 

2. Only 10-15 percent of the electron micrographs 

taken of the water-stable material appeared to have 

impurity substances present such as that shown in 

Figures 23 and 24. On this basis dilution by an 

impurity material could not completely account 

for a lower concentration of iron in the water-

stable fraction, thus giving support for less iron 

isomorphous substitution. 

3. Since the crystalline order of a presumed pure 

montmorillonite is fairly high, the moire patterns 

suggest a high degree of disorder in the impurity 

material found in the water-stable fraction. 

4. The feldspar present is thought to be plagioclase 

approaching anorthite in composition. 

5. Since a feldspar electron diffraction pattern was 

obtained only with great difficulty, it is present 



in the impurity material in small amounts, most of 

which is poorly organized. 

Since the feldspar electron diffraction pattern 

(Figure 28) shows a shift of spot positions, the 

crystallite possesses a very thin tabular habit. 

This supports the probability that the feldspar 

is authigenic rather than a relic mineral. Electron 

micrographs (Figures 23 and 24) show that feldspar 

and other poorly oirganized materials probably have 

precipitated on the montmorillonite sheets rather 

than vice versa. 

By far, perhaps the most abundant impurity material 

present was electron-amorphous as indicated by the 

absence of either electron diffraction or moire 

patterns. 

Aside from the possibility of two montmorillonite 

structure types as proposed by Varty and White 

(1964), there may be a large number of micro-

aggregates in the bulk sample similar to the 

water-stable particles. These would serve to 

disorient the tactoids upon heating and contribute 

to the X-amorphous phenomenon. The effect of the 

microaggregates has been substantiated by Roberson, 

Weir and Woods (1968). These authors observed 

that the sharpest and most intense basal 
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reflections resulted from separate flakes of 

montmorillonite. They confirmed by Weissenberg 

X-ray studies that individual flakes possessed 

a high degree of orientation. Microaggregates, 

on the other hand, did not produce preferentially 

oriented slides. Therefore, they stated that if 

the proportion of separate flakes to microaggregates 

is low, then the resulting diffraction patterns 

will show only a few low-intensity basal 

reflections. 

9. From the evidence obtained by electron microscopy 

it does not appear as though microaggregates of 

montmorillonite are formed as a result of 

cementation by impurity materials. It does appear, 

however, that the microaggregates are formed as 

the result of intrusions in the raw bentonite. 

These intrusions may isolate pockets of sheets, 

thus preventing the free entrance of water so that 

orientation and tactoid formation could not take 

place. 

Walter Soluble Extract 

The water soluble extract refers to the clean, 

light-yellow supernatent liquid obtained from the separated 

0.2 y. size fraction (see Figure 13). During the process 



of separation the original 38 liters of supernatent was 

concentrated to about 2 liters. 

The interest here was not only to separate as much 

0.2 ji clay as possible from the bulk bentonite sample 

but to find out what, if anything, dissolved in the 

distilled water. Within a period of about a year, before 

the liquid was analyzed, a white precipitate formed. Both 

the precipitate and the liquid were analyzed by X-ray 

fluorescence spectroscopy. 

Two ml of precipitate free liquid was evaporated 

on a pure molybdenum planchet for X-ray fluorescence 

analysis. X. R. F. 3 (Figure 36) shows the combination 

of the light and heavy elemental analysis. The small 

copper and nickel lines were most likely from the sample 

holder. The molybdenum lines were from the mount, and 

the chromium line was from the primary X-ray tube. The 

liquid contains a small amount of iron (probably the 

source of the light-yellow collor), a very small amount 

of barium and a large concentration of calcium. Previous 

work by this author revealed that considerable calcium 

could be washed out of Arizona bentonite. It appears that 

there is calcium present in excess of that which could be 

accounted for by the exchange complex. 

Potassium and chlorine lines are detected in 

Figure 36. If all of the potassium present in the sample 



Fig. 36. X. R. F. - 3, X-ray fluorescence trace of the heavy and 
light elements found in the clear supernatant saved from the first 
sonication and centrifuge separation. 
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was fixed by sericite as suggested by Kerr, et al. (1950, 

p. 88), it would not be expected to appear in the wash 

water. Therefore, the potassium found in this sample as 

well as some of the calcium is probably present as a 

chloride. 

The peak appearing on Figure 36 that has the greatest 

probable significance to the X-amorphous phenomenon is 

silicon. The water-washed precipitate showed only a 

silicon line. Therefore, attention is focused on the 

solubility of silicon. 

The solubility of silica at approximately the 

boiling point of water has been given as 400 ppm by 

Alexander (1953) and 380 ppm by Krauskopf (1956). Also, 

the solubilities at 25°C were given by these authors as 

135 and 115 ppm, respectively. The solubility range does 

not seem important compared to the effect of temperature 

at which the solubilities were expressed, because it is 

apparent that most of the silica was dissolved during a 

temperature elevation of the suspension. 

Krauskopf (1956) found that at 25°C the solubility 

of quartz was about 6 ppm while the solubility of amorphous 

silica was greater than 100 ppm. He also showed that the 

dissolution rate was higher for dispersed colloidal silica 

than for silica gel. Alexander, Heston, and Iler (1954) 

concluded that the solubility of amorphous silica was 
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relatively independent of the solid phase concentration in 

suspension, with the exception of concentrations less than 

0.1 percent silica powder. Although they did not state a 

solubility for a less than 0.1 percent amorphouse silica 

powder concentration, one would expect the solubility^to 

increase, in view of equilibrium considerations. However, 

there was no way to estimate the original amount of 

amorphous silica in the sample. Because electron micro­

graphs of the unwashed material did not indicate the 

presence of a gel (for example, see Figures 33, 34 and 

35), it is assumed that the silica was present either in 

the form of colloidal silica or an easily soluble silicate 

coating, possibly the electron-amorphous material previously 

presented and discussed for the "Water-Stable Fraction". 

The solubility of amorphous silica was found not 

to vary substantially from a pH of 1 to 9 by Alexander, 

Heston and Iler (1954). And the same solubility-pH range 

was given by Loughnan (1962) for silicates in silica-bearing 

minerals. Loughnan, however, made no distinction between 

amorphous and crystalline silicates. 

The silica solubility curve given by Keller 

(1957, p. 26) after Correns (1949, p. 210) does not agree 

with that of the above authors for the pH range of 1 to 9. 

Even at pH 7, the exact pH of the clay suspension, Keller 

(1957) listed about two millimoles per liter greater 



solubility than Alexander, Heston, and Iler (1954) and 

Loughnan (1962). Nevertheless, it is apparent that the 

temperature to which the suspension was elevated was the 

most important consideration to the silica solubility. 

Iler (1955) points out that the solubility of 

silica is greatly reduced by the presence of alumina. 

Inspection of X. R. F. - 3 (Figure 36) reveals that the 

concentration of aluminum in the water extract was 

virtually below the limit of the spectrographs detec-

tability (about 1 ppm). Sililarly, no aluminum was 

detected in the silica gel. From these observations it 

is apparent that the soluble silica present in the raw 

bentonite was an opalan (HSiOg)" whose negative charge 

was most likely satisfied by Ca+2 ions. 

Some silica solubility could have taken place 

during the sonication treatment. The sonicator tank was 

continuously stirred for the hour of sonication, thus 

keeping all but the largest particles in suspension. 

Some sonic energy was also dissipated in the form of heat. 

As a result the suspension was heated to about 50°C by 

the end of the sonication period. 

Boiling the suspension of the <0.2 clay could 

have been responsible for a further silica solubility. 

However, from the evidence shown by later electron micro­

graphs it appears that the most important source 
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of the silica was the raw bentonite rather than the 

^0.2 ji fraction. 

X-ray diffraction (X. R. D. - 3, Figure 27) 

as well as electron diffraction show the precipitated 

silica to be amorphous. An electron micrograph (E. M. 3f 

Figure 38) shows the precipitate to be an amorphous gel, 

a morphological feature which will be shown in later 

electron micrographs. 

Greater Than 0.2 Micron' Fraction 

In examining the >0.2 p. fraction which was spun 

down by the continuous flow centrifuge after the third 

sonication, there was no general change in appearance from 

the raw bentonite. E. M. 4 (Figure 39) is a representative 

micrograph of this material. There are many rolled or 

spindled sheets as well as apparently flat sheets. The 

area labeled A appears to have voids in the dense material 

apparently coating the sheets. These voids could have re­

sulted from the loss of silica. In area B the dense material 

appears to be running about the periphery of the sheets 

in a band together with some voids. This and similar 

material is believed to be a contaminant on the 

montmorillonite as opposed to the darker material in area C. 

Close examination of the sheets in area C reveals the sheets 

to be increasing in thickness toward the center of the 

area. The boundaries of the successive layers are clearly 
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Fig. 37. X. R. D. - 3, X-ray diffractogram of the white precipitate 
which formed in the clear supernatant from the first separation process. 



Fig. 38. E. M. 3, Silica gel which precipitated in 
the supernatant from the first separation process; magni 
fication 60,000X. 

Mount: Carbon filmed grid. 



visible as is the increase in the "orange peel" texture as 

more sheets are included in the tactoid. This illustrates 

the difficulty in discerning layers of sheets with con­

taminants because the "orange peel" texture is present in 

both cases. And under most conditions even the sheet 

edges are obscure. 

The sheets in area D appear to be warped. However, 

this appearance could be brought about by a contamination, 

or the sheets may actually be warped as a result of the 

contamination. Sheet warping, contamination or both could 

certainly contribute to the X-amorphous phenomenon. 

It should also be mentioned that E. M. 4 

(Figure 39) is the first micrograph appearing in this 

dissertation to be prepared by freeze-drying. In comparing 

morphological features of E. M. 4 with the electron 

micrographs which have appeared previously, there is no 

evidence of damage by freezing. 

Greater Than 2 Micron Fraction 

To examine the material that was not suspended by 

sonication, the precipitate from the third sonication was 

sieved through a 300 mesh screen. After diluting this 

material with water, it was set aside and allowed to air 

dry. The curled, upper layer of the air-dried precipitate 

is shown in Photo. 3 (Figure 40). As seen in Photo. 3, 

the curls consisted of a thin, dark upper layer and a 



92 

Fig. 39. E. M. 4, Greater than 2 micron fraction 
centrifuged out of suspension during the third separation 
process; magnification 43,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 
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I 

Fig. 40. Photo. 3, Air-dried crust material from 
third sonication sediment. 
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thick, bone white lower layer. The white layer of the 

bulk precipitate continued almost to the bottom of the 

container where there was a thin layer of manganese oxide 

specks. 

The dark material seen in Photo. 3 (Figure 40) 

was removed for electron microscopy. Although the material 

appeared quite massive and caked together, probably as a 

result of air drying, E. M. 5 (Figure 41) reveals a 

possible coating on the montmorillonite sheets. On the 

leaflet labeled A several dark striations are visible 

running from the bottom of the leaflet, where they appear 

as moire patterns, to a common junction at the top. Moire 

patterns can also be seen near the periphery of the leaflet. 

The coating is possibly a ferric oxide, in view of its 

dark, almost rust color. Some of the upper, fine material 

containing iron may have oxidized as the water evaporated 

over a period of about six weeks. As suggested earlier the 

iron content of the sample may be present as isomorphously 

substituted ferrous iron. However, either non-isomorphously 

substituted ferrous iron could have oxidized, a good 

probability, or there could have been oxidation of the 

substituted iron. In the latter case one would expect a 

disruptive change in crystallinity, a point which no doubt 

should be taken into consideration when the specimen is 

heated. 
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Fig. 41. E. M. 5, Dark crust material shown in 
Fig. 40; magnification 90,000X. 

Preparation: Air-dried. 

Mounts Filmless grid. 



Fig. 42. E. M. 6, Montmorlllonite sheets from 
the white lower material shown in Fig. 40; magnifica­
tion 150,000X. 

Preparation: Air-dried. 

Mount: Filmless grid. 



The lower, white portion of the curls in Photo. 3 

(Figure 40), yielded electron micrographs having two 

different morphological features. The first, E. M. 6 

(Figure 42) shows a massive aggregate of montmorillonite 

sheets such as did E. M. 5 (Figure 41). The particular 

micrograph shown in Figure 42 was selected because it is 

a very good view of what appears to be a crystalline tactoid 

In comparison the material shown in Figure 46 is much more 

mica-like and most likely accounts for the major portion 

of the potassium present in the bulk bentonite. 

A striking morphological difference between the 

material in Figure 42 and that in Figure 43 is the "orange 

peel" texture on the montmorillonite sheets whereas the 

mica-like sheets in Figure 43 show only extinction 

contours, common for micas. Van Dorsten and Premsela 

(1966) illustrated an "orange peel" texture on near focus 

amorphous carbon films which was quite similar to that 

seen on near focus montmorillonite sheets. Thus, in 

comparing the montmorillonite sheets in Figure 42 with 

the mica-like sheets in Figure 43, it is obvious that the 

montmorillonite sheets contribute to an electron optical 

condition similar to that of an amorphous film. As 

mentioned earlier, the "orange peel" texture diminishes 

as the tactoids become thinner. This, as suggested 

earlier, may indicate an anomaly in the stacking sequence 

of the sheets. 



An electron diffraction pattern of the entire area 

of Figure 43 is shown in Figure 44. Because of the inter-

folded nature of the sheets a split line oblique powder 

pattern (or texture pattern) resulted. The pattern is 

slightly elliptical indicating that the specimen as a 

whole was tilted slightly and the sheets assumed various 

orientations because of being folded back and forth in a 

loosely compacted fashion. The apparent width of the 

130-020 ring (second ring from the central spot) was 

caused by the addition of hkl reflections to the 130-020 

reflection and by the multitude of different sheet angles 

with a plane normal to the electron beam. There was also 

an excellent possibility that secondary diffraction took 

place to add to the ring width. Secondary diffraction 

occurs whenever a diffracted beam of sufficient intensity 

penetrates a lower, differently oriented portion of the 

sample. 

Multioriented montmorillonite sheets similar to 

the orientation of the micaceous material in Figure 43 

may be responsible for the "trail off" of the 130-020 

peak on X. R. D. - IB (Figure 16). Most likely then, the 

"trail off" of the general reflection X-ray diffraction 

peaks are due more to microaggregation of sheets than to 

crystal imperfections within the sheets. 
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Fig. 43. E. M. 6, Micaceous material found in the 
lower crust shown in Fig. 40; magnification 21,000X. 

Preparation: Air-dried. 

Mount: Filmless grid. 



Fig. 44. E. M. 6f Electron diffraction pattern from 
the material shown in Fig. 43. 



The two spots barely visible at the arrows in 

Figure 44 measure about 9.4 A. Because of the interfolding 

of the sheets there were basal planes oriented nearly 

parallel to the electron beam. This condition was not 

observed for montmorillonite for two reasons: First, the 

montmorillonite sheets probably were not stacked with 

enough regularity to adequately reinforce electron 

diffraction, a similar condition as hypothesized for X-ray 

diffraction; and second, the basal spacings of the 

montmorillonite were most likely too large for adequate 

dispersion away from the central spot. 

Less Than 0.2. Micron Fraction in Suspension 

The X-ray diffraction data of an oriented glass 

slide mount of <0.2 p. clay in suspension (X. R. D. - 9) is 

shown in Figure 45. The sample was obtained from a 

suspension that had been allowed to stand for three weeks. 

This suspension is shown in Phcto. 4 (Figure 46). A 

small amount of the suspension was removed from about the 

center of the bottle. This material was used to make the 

oriented glass slide (X. R. D. - 9, Figure 45) and E. M. 13 

(Figure 47). 

After three weeks it was apparent that the sus­

pended particles in Figure 46 were settling as a massive 

gel rather than as individual microaggregates of differing 

equivalent spherical diameters. X. R. D. - 9 (Figure 45) 
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Fig. 45. X. R. D. - 9 ,  X-ray diffractogram of the clay from the water 
suspension shown in Fig. 46. 

P reparation s None. 

Mount: Oriented glass slide. 
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Fig. 46. Photo. 4, Three-week-old water suspension of 
the less than two-tenths micron clay. 



confirms the absence or very low concentration of micro-

aggregates by the complete lack of general reflections. 

Also apparent in Figure 45 is the weak basal reflection 

and the lack of higher basal orders. This indicates that, 

even though the tactoids were oriented nearly parallel 

with the glass slide surface, there was considerable stack­

ing disorder. Assuming the tactoids in the suspension 

formed a cardhouse structure, the resultant collapse upon 

drying would not be expected to produce a perfect stacking 

sequence. 

A single nebulized droplet of the suspension is 

shown in E. M. 13 (Figure 47). About the periphery of 

the droplet the tactoids appear unaggregated. Only near 

the center where apparently the cardhouse structure was 

pulled in upon itself by surface tension does there seem 

to be any aggregation. Even here the aggregates seem to 

be manifested in the form of spindled films rather than 

clumps. 

Also, appearing in Figure 47 are clusters of 

silica gel similar to those shown in Figure 38. Their 

appearance here and on other electron micrographs tends 

to substantiate that most of the silica was dissolved 

during sonication and then precipitated onto the 

montmorillonite during concentration. 



Fig. 47. E. M. 13, Electron micrograph of a single 
droplet of the water suspension shown in Fig. 46; magnifi­
cation 30,000X. 

Preparation: Nebulized suspension. 

Mount: Carbon film. 



Fig. 48. E. M. 13, Electron diffraction pattern of 
the material shown in Fig. 47. 
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The droplet in Figure 47 produced the best powder 

electron diffraction pattern appearing in this study 

(Figure 48). This pattern shows excellent tactoid 

orientation because only hkO lines appear. The line 

intensities appear similar to those found by X-ray 

diffraction, indicating a minimum of sheet bending, a 

point discussed by Cowley and Goswami (1961). 

Iiyophilized Less Than 0.2 Micron Clay 

The X-ray diffraction pattern (X. R. D. - 4) of 

the freeze-dried<0.2 separate mounted in the bulk sample 

holder is shown in Figures 49 and 50. The first feature 

to note on Figure 49 is the dimension of the basal spacing. 

The 14.7 A spacing is approximately equivalent to an air-

dried basal spacing of Ca-montmorillonite. The fact that 

the basal plane spacing dropped from 18.8 A (wet) to about 

15 A (lyophilized) disturbed Norrish and Rausell-Colom 

(1962) and Ahlrichs and White (1962). However, 

lyophilization is a drying process, so a decrease of basal 

spacings should be expected. And the fact that the basal 

spacings show an air dry condition further justifies the 

use of lyophilization to achieve an air dry condition 

without aggregation. 

The second feature to note on Figure 49 is the 

absence of contaminating-mineral peaks as were found on 



X. R. D. - 1A (Figure 15) and X. R. D. - IB (Figure 16). 

Here, it is clear that the montmorillonite was considerably 

"cleaned up" by a water wash, aided, of course, by sonica-

tion and size fraction separation. 

Electron micrographs of the < 0.2 p. clay (E. M. 7) 

reveal four distinctly different morphological features: 

tactoids in an apparent cardhouse structure, very thin 

films, rolled sheets or tactoids and microaggregates. In 

Figure 51 the clay appears to consist of tactoids in a 

cardhouse structure. Films are also found in Figure 51 as 

well as in a higher magnification micrograph (Figure 52). 

Some of the films appear rolled, and others seem to be 

folded back and forth upon themselves. The films in 

contrast to the tactoids extend for many square microns 

and appear to be only a few montmorillonite sheets in 

thickness. The films were most likely held in suspension 

by the cardhouse structure of the tactoids and may have 

even contributed to its framework. 

A close examination of Figure 52 will reveal that 

the morphological features of the tactoids and the films 

blend into each other. Also pointed out by the arrows in 

Figure 52 is a gel precipitated on or among the clay 

sheets. This is similar in appearance to the silica gel 

shown in Figure 38. In Figure 53 the tactoids blend into 

many rolled sheet films or tactoids. From the evidence 
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Fig. 49. X. R. D. 4, Part 1, X-ray diffractogram of the less than 
two-tenths micron clay collected by water separation. 
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Preparation: Lyophilized water suspension. 

Mounts Bulk specimen holder. g 
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Fig. 50. X. R. D. - 4, Part 2, X-ray diffractogram of the less than 
two-tenths micron clay collected by water separation. 

Preparation: Lyophilized water suspension. 

Mount: Bulk specimen holder. 
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Fig. 51. E. M. 7, Less than two-tenths micron clay 
magnification 5,300X. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



seen in Figures 51, 52 and 53 it is concluded that the 

montmorillonite probably exists as an isomorphous series 

between at least two structure types such as between 

structure types high in isomorphically substituted 

magnesium and ferrous iron. 

Although the radius ratio of ferrous iron to 

oxygen or OH" is within the limits geometrically prescribed 

for six-fold coordination, it is close to the upper limit. 

This would indicate that ferrous iron could fit into 

octahedral positions of the clay but would introduce 

considerable lattice strain; a strain which could be 

relieved by the rolling observed in Figure 53. The films, 

on the other hand, could be sheets of little or no 

octahedral substitution; that is, they could be films of 

a pyrophyllite-like clay although sericitic clay is not to 

be ruled out as a possibility. The flat appearing tactoids 

may be made up of sheets primarily of the magnesium ion 

substituted variety. 

The only conjecture about aluminum substitution in 

the tetrahedral positions is that it could contribute to 

sheet curling and an uneven distribution of lattice charge 

if the substitution were high on only one side of the 

sheets. Unfortunately, lattice substitutions of either 

the octahedral or tetrahedral varieties cannot be 

determined from only morphological features as seen in 
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Fig. 52. E. M. 7, Less than two-tenths micron clay; 
magnification 43,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 53. E. M. 1, Less than two-tenths micron clay 
magnification 30,000x. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 
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Figures 51, 52 and 53, although it is apparent that the 

curled and rolled sheets or tactoids could have resulted 

from lattice substitutions. 

In an effort to better visualize the cardhouse 

structure of tactoids, a two color printing system was 

devised which employs a light and dark field plate of the 

same subject. Figures 54 and 55 show a light and a dark 

field view respectively. In the conventional light field 

view (Figure 54) most of the electrons scattered by the 

subject are stopped by the objective aperture and thus 

produce the apparent contrast of the subject. In the dark 

field micrograph (Figure 55), on the other hand, only the 

scattered electrons are allowed to strike the plate. If 

only the cardhouse structure on the right of Figures 54 

and 55 were considered, there is very little difference in 

the amount of information on the plates. However, when the 

light and dark field images are superimposed with the 

proper register, the resulting picture (Figure 56) appears 

to have depth and thus additional information is revealed 

about the subject. 

The arrow in Figures 54, 55, 56 and 57 points to the 

same cluster of gel believed to be silica. In Figures 54 

and 55 the cluster is not identifiable as it is in Figure 

57. However, even in Figure 57 the actual position of the 

cluster cannot be determined. But with the three 



Fig. 54. E. M. 7, Light field of less than two-tenths 
micron clay; magnification 12,000X. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 55. E. M. 7, Dark field of less than two-tenths 
micron clay; magnification 12,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 56. E. M. 1, Combination of the interpositives 
shown in Fig. 54 and 55; magnification 12,000X. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 57. E. M. 1, Right portion of Fig. 54, 55 and 56; 
magnification 25,OOOX. 

Preparations Lyophilized water suspension. 

Mount: Filmless grid. 
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dimensional aspect of Figure 56, the silica gel cluster can 

be seen on the surface of the cardhouse structure. With a 

comparison of the information revealed on Figures 56 and 

57, it becomes obvious that both black and white and two 

color prints are required to gain a maximum of information 

about a given sample area. 

Figure 58 shows an electron diffraction pattern of 

the cardhouse structure in Figure 57. Although the pattern 

appears weak, most likely because of a sparse sample, it is 

similar to the electron diffraction pattern in Figure 48 

(the suspension droplet on carbon film) . There is a small 

amount of ring splitting indicating that the tactoids are 

not perferably oriented as the majority were in Figure 4 8. 

However, there is a striking morphological similarity 

between the cardhouse structure in Figure 57 (lyophilized 

and mounted on a filmless grid) and the air-dried suspension 

droplet in Figure 47. 

The only real difference between Figures 47 and 57 is 

the preservation of the cardhouse structure in Figure 57 

as it was in the aqueous suspension. The compacted area 

on the left side of Figure 56 may have resulted from ice 

crystal formation. This seemed to be the only morphological 
r 

change caused by lyophilization. 

Figure 59 shows a sample from the < 0.2 p fraction 

with a large portion of the material curled or rolled. All 



Fig. 58. E. M. 7, Electron diffraction pattern of the 
material shown in Fig. 57. 
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Fig. 59. E. M. 1, Less than two-tenths micron clay 
showing excessive sheet rolling; magnification 30,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 60. E. M. 7, Electron diffraction pattern of the 
material shown in Fig. 59. 
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such samples gave electron diffraction patterns similar to 

those in Figure 60. The inner ring appears split because 

the bulk of the specimen was oblique to the plane normal 

to the electron beam. In comparing the size of the central 

spot in Figures 58 and 60, the larger spot results from 

the longer exposure time requires to photographically 

register the pattern. This additional time was required 

because of relatively poor beam transmission of the rolled 

sheets. 

At this stage of presenting the results, those 

morphological features which are responsible for the 

X-amorphous and X-crystalline characteristics of the sample 

can be disclosed. The cardhouse structure as seen on the 

right side of Figure 56 and in Figure 57 is probably 

responsible for the excellent basal plane crystallinity of 

a wet specimen. In the wet condition, the tactoids may be 

highly oriented with respect to one another and to the 

sample's surface. Water is believed to fill voids between 

microaggregates and phases rich in curled and rolled sheets. 

The process of forming an artificial slickenside during 

bulk preparation maintains a continuous blockwork of 

oriented tactoids on the sample's surface. 

Microaggregates of folded and interlocked sheets, 

foreign material, and curled and rolled sheets contribute 

to the X-amorphous phenomenon. As water is removed by heat 
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treatments, voids will be formed in the sample simply by 

the loss of water which filled them when wet and by contrac­

tion of the basal plane spacings. This results in the 

loss of preferential orientation, the reduction of 

crystallite size, and the formation of variable basal plane 

spacings as the result of curling and rolling sheets. 

Amorphous silica gel per se is not believed to be important 

to the X-amorphous phenomenon except that it may have 

dissolved from the electron-amorphous impurity materials 

that contribute to the formation of microaggregates. 

The Effect of Saturating Cations 

A comparison is made between the X-ray diffraction 

patterns and electron micrographs of naturally saturated 

Ca-montmorillonite and that saturated with NH4+, K+, and 

Mg+2 ions to study the effect these cations have on the 

clay structure, particularly in relation to the development 

of X-amorphous phases. 

X. R. D. - 5 (Figure 61) is an X-ray diffractogram o 

NH +̂ saturated Cheto montmorillonite. The sample (<0.2 p. 

fraction was shaken three times with a 50-50 mixture of 

IN NH4CI and IN NH4OAC, water-washed until a test for 

chloride became negative, lyophilized, mounted on an 

oriented glass slide and X-rayed air dry. The strong basal 

peak and absence of all general peaks provided evidence 

of excellent basal orientation. Apparently, the peaks 
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Fig. 61. X. R. D. - 5, An X-ray diffractogram of 
ammonium saturated Cheto montmorillonite (less than two-
tenths micron). 

Preparation: Lyophilized water suspension. 

Mount: Oriented glass slide; air-dry. 



Fig. 62. E. M. 8, Electron micrograph of ammonium 
saturated Cheto montmorillonite (less than two-tenths 
micron); magnification 22,000k. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 
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appearing at 6.06 and 3.06 A are the second and fourth 

order basal peaks respectively. Normally, only odd higher 

order peaks appear on X-ray diffractograms of montmorillon-

ite because of insufficient reinforcement. 

A comparison between X. R. D. - 5 (Figure 61) and 

X. R. D. - 9 (Figure 49) illustrates that saturation 

greatly increases the overall crystallinity and intensity 

of the basal peak over that of a Ca saturated specimen. 

Also, the good basal crystallinity together with its odd 

d spacing of 12.4 A was conducive for even (as opposed to 

odd) higher order basal peaks. 

E. M. 8 (Figure 62) is an electron micrograph of 

the NH4+ saturated < 0.2 ji fraction which produced 

X. R. D. - 5 (Figure 61). Upon NH4+ saturation the clay 

took on a micaceous but highly spindled sppearance, features 

entirely different from the Ca saturated clay. Specks 

which appear to be sheet fragments look as though they were 

micaceously bound to the sheet surfaces, a phenomenon 

which could enhance X-ray crystallinity. 

The specimen used to produce X. R. D. - 6 (Figure 63) 

was NH4+ saturated clay prepared as above but further 

extracted with a strong Ca+2 chelating agent, NH4+ - DTPA. 

The additional extraction was carried out to see if it 

were possible to remove all remaining Ca as determined 

by X-ray fluorescence. Although a few parts per million of 



Ca did remain in the sample after chelate extraction, it 

was felt that it remained by mechanical entrapment of the 

spindled sheets. 

The NH4+ clay, unlike the Ca saturated clay, 

produced a nearly ideal sequence of successively decreasing 

d spacings with heating. Although the peak heights 

decreased with successive heating, the peak widths did 

not appreciably broaden. 

E. M. 9 (Figure 64) is the electron micrograph of 

the same material which produced the diffractograms in 

X. R. D. - 6 (Figure 63). E. M. 9 displays a micaceous 

and spindled morphology as does E. M. 8, Figure 62. There 

were no morphological changes in the material due to 

chelate extraction although the extraction removed 

considerable Ca . 

Finally, in an effort to determine if the 

morphological differences between Ca+̂  and NH4+ saturation 

were preparation dependent, a sample of -<0.2 clay was 

chelate extracted without prior NH4+ saturation. The 

results as revealed by E. M. 12 (Figure 65) were virtually 

the same as for E. M. 8 (Figure 62) and E. M. 9 (Figure 64). 

It is concluded that the morphological features noted for 

NH4+ saturated montmorillonite is simply a function of 

replacement of Ca+̂  with NH4+ and not the method of 

replacement. 



Fig. .63. X. R. D. - 6, Composite X-ray diffractogram 
of ammonium saturated and DTPA extracted Cheto montmorillon-
ite (less than two-tenths micron). 

Preparation: Lyophilized water suspension. 

Mount: Oriented glass slide. 
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Fig. 63. X. R. D. - 6. 



131 

Fig. 64. E. M. 9, Electron micrograph of ammonium 
saturated and DTPA extracted Cheto montmorillonite (less 
than two-tenths micron); magnification 42,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 



Fig. 65. E. M. 12, Electron micrograph of ammonium-
DTPA extracted Cheto montmorillonite (less than two-tenths 
micron); magnification 53,OOOX. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 
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Classically, the K+ saturated <0.2 clay contracts 

to the neighborhood of 10 A upon 110°C heating. However, 

X. R. D. - 6 (Figure 63), the X-ray diffractogram of the 

saturated sample, compares quite favorably with 

X. R. D. - 7 (Figure 66), that of the K+ saturated sample. 

By comparing Figure 63 with Figure 66, the following should 

be noted: 

1. The intensity scale on Figure 63 is twice that of 

Figure 66. 

2. The basal crystallinity of the NH +̂ saturated 

sample (Figure 63) compared on an air dry basis 

with the K+ saturated sample (Figure 66) is many 

fold better. 

3. The 350°C peak on Figure 63 is slightly more intense 

than the 110°C peak on Figure 66. Thus it appears 

that the NH4+ serves to produce a better micaceous 

material with Cheto montmorillonite than K+. 

The morphology of a K+•saturated sample was 

strikingly different from that of the NH4+ saturated 

samples as evidenced by E. M. 10 (Figure 67). Figure 67 

reveals very "small tactoid appearing micaceous clusters. 

There is also a conspicuous absence of spindled sheets and 

the presence of filmy material such as that seen in the 

Ca saturated clay (Figure 52). Again, the micaceous 



Pig. 66. X. R. D. - 7, Composite X-ray diffractogram 
of potassium saturated Cheto montmorillonite (less than 
two-tenths micron). 

Preparation: Lyophilized water suspension. 

Mount: Oriented glass slide. 
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Fig. 66. X. R. D. - 7. 
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character of the NH +̂ saturated clay appears both by 

X-ray diffraction and the electron micrograph to be far 

superior to that of the K+ saturated clay. 

As expected, Mg+2 saturation, solvation with 

ethylene glycol, and mounting the<£0.2 p. clay on an oriented 

glass slide produced a very intense basal peak, X. R. D. - 8 

(Figure 68). Heat treatments of Mg+2 saturated clays is 

unorthodox, but the interest here was to compare the 

heat treated Mg+2 saturated sample with the NH +̂ and K+ 

samples. Apparently, the 110°C treatment took the material 

through a vermiculitic stage while at 350°C the sample 

became X-amorphous just as a Ca+2 saturated specimen. 

Evidently, at 550°C there-was some degree of Mg+2 fit into 

the hexagonal holes in the silica tetrahedral layers of 

the sheets. 

E. M. 11 (Figure 69) is an electron micrograph of 

the Mg+2 saturated material represented by X. R. D. - 8 

(Figure 6 8). The morphology of this material has a soft 

texture as opposed to the micaceous "tactoids" of the K+ 

saturated clay, although there are areas that appear to 

have a large concentration of sheet fragments. 

Conclusions 

X-amorphous phenomenon: There was no evidence for 

interstratification. All impurities found were coatings and 

were not believed to occupy intersheet positions. 
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Fig. 67. E. M. 10, Electron micrograph of potassium 
saturated Cheto montmorillonite (less than two-tenths 
micron); magnification 11,000X. 

Preparation: Lyophilized water suspension. 

Mount: Filmless grid. 
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Fig. 68. X. R. D. - 8, Composite X-ray diffractogram 
of magnesium saturated Cheto montmorillonite (less than 
two-tenths micron). 

Preparation: Lyophilized water suspension. 

Mount: Oriented glass slide. 


