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ABSTRACT

About forty samples of the montmorillonite group of clay minerals were heated to an
elevated temperature (1400° C.) and the phase transformations studied by continuous
x-ray diffraction. Chemical, cation exchange, differential thermal, infra-red, and optical
data were obtained also on the samples.

All of the analytical data indicate that the dioctahedral montmorillonites do not form
a single continuous isomorphic series. Two different aluminous types have been found,
Cheto- and Wyoming-types, which differ primarily in the population of their octahedral
layers. Also, it is suggested that some (probably a small number) of the silica-tetrahedra
are inverted in the Cheto-type montmorillonite. Cation exchange capacity and other
properties are also not the same for the two types.

Some bentonites are mixtures of discrete particles of the two types which can be sep-
arated by particle size fractionation.

The high-temperature phase transformations of montmorillonite show large varia-
tions depending on the composition and structure of the original material. The trans-
formations are discussed in detail.

INTRODUCTION

The object of the investigation reported herein was to study the succes-
sive structural changes taking place when members of the montmoril-
lonite group of clay minerals are heated to their fusion temperature, It
was thought that the results of such a study would provide a better un-
derstanding of the structure of montmorillonites and the possible varia-
tions in their compositions. It was thought also that new light might be
obtained on the general matter of solid state reactions in the layer sili-
cates.

The major technique used was continuous high temperature z-ray
diffiraction using a spectrometer. This involved mounting a furnace in
the position of the specimen holder in the x-ray unit with some manner
of controlling and recording the temperature of the furnace. This
method has advantages in comparison with a technique that involves
heating, then cooling, followed by #-ray analysis in that it eliminates
uncertainties concerning possible phase changes on cooling. Further it
permits the study of the rate of development of new phases, and it is
relatively rapid. In some cases #-ray diffraction recordings with a camera
also were made on quenched samples to check the spectrometer data.
The x-ray diffraction data were supplemented by differential thermal
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analyses carried to about 1400° C., infra-red absorption data, and op-
tical determinations. Complete silicate analyses and cation exchange
capacities were obtained for the samples.

The montmorillonite clay minerals are very common, being found in
many soils, sediments, and hydrothermal alteration products. They are
generally the dominant constituents of bentonites. The minerals of this
group have a unique, so-called expandable lattice, which has a variable
c-axis dimension depending on the thickness of layers of water molecules
between silicate layers. The structure suggested by Hofmann, Endell, and
Wilm (1933), Fig. 1, is made up of silicate layers consisting of two silica
tetrahedral sheets tied together through a central sheet containing
aluminum and/or magnesium, iron, and occasionally other elements in
octahedral coordination. The silicate layers are continuous in the ¢ and b
directions and stacked one above another in the ¢ direction with variable
water layers between them. As first emphasized by Marshall (1935) and
Hendricks (1942), a wide variety of substitutions in octahedral and
tetrahedral positions are possible within the structure, and they always
leave it with a net negative charge which is satisfied externally by cat-
ions which are exchangeable.

The foregoing structure is not accepted by all investigators. Thus,
Deuel et al. (1950) believe that they have evidence that some of the
tetrahedra of the silica sheets are inverted—an idea suggested earlier by
Edelman and Favajee (1940). Other ideas concerning the montmoril-
lonite structure have been published (McConnell, 1950), but the con-
cept originating with Hofmann ef al. (1933) is generally accepted as
depicting the most probable framework of the mineral.

The substitution of various cations for aluminum in octahedral co-
ordination can be essentially complete, in which case specific names are
applied for example, nontronite (iron), saponite (magnesium). Ross and
Hendricks (1945) have shown that there is considerable variation in
composition within the aluminous montmorillonites.

Recently it has been suggested that some aluminous montmorillonites
that appear to be single species are in fact complex mixtures. Thus,
Byrne (1954) stated that the montmorillonites he studied were mixed-
layer sequences in which adjacent layers differed from one another in
composition and structure. Jonas (1955) concluded that montmoril-
lonites showing dual dehydroxylation reactions are mixtures of two forms
of the mineral, and McAtee (1958) concluded that the Wyoming bento-
nites he studied contained a sodium montmorillonite fraction and a
calcium-magnesium montmorillonite fraction, and that these fractions
were a consequence of differences in isomorphic substitution within the
montmorillonite crystal lattice. One of the objectives of the present
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study was to investigate the possible mixing of aluminous montmoril-
lonites in bentonites.

The montmorillonite minerals have interesting plastic, colloidal, and
other properties which frequently are quite different from one sample
of the mineral to another. These differences cannot in many cases now be
explained either by differences in the composition of the exchangeable
cations or of the silicate layer, or by present concepts of the structure.
Thus, some montmorillonites have catalytic properties towards certain
organic substances, whereas others do not. It follows that there is much
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Fic. 1. Diagramatic sketch of the structure of montmorillonite according to Hofmann,
Endell and Wilm (1933), Marshall (1935), and Hendricks (1942).
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to be learned concerning the structure and compositional variations in
this important group of minerals.

PROCEDURE

Over a period of many years, x-ray diffraction diagrams of powders
and oriented aggregates and differential thermal analyses have been ob-
tained for several hundred samples of bentonites and other clays con-
taining montmorillonite from all over the world that are in the University
of Illinois collections. Preliminary studies of the high temperature reac-
tions by continuous x-ray diffraction techniques were made also on
many of these samples. Based on these data, about forty samples were
selected for the present study which appeared to be substantially pure
montmorillonite or montmorillonite plus small amounts of quartz or
cristoballite. These samples were selected also to represent the variations
in characteristics shown in the preliminary analyses. No claim is made
that all types of montmorillonite are represented, but it is believed that
there is good coverage of the aluminous variety.

Kulbicki and Grim (1957) have shown that the high temperature
phases developed on heating montmorillonite are influenced greatly by the
nature of the exchange cation composition. To study the relation of the
montmorillonite itself to high temperature reactions it was necessary to
prepare all samples with the same exchangeable cation composition. Tt
was also deemed necessary to use material of about the same particle
size, and in some cases to purify the samples. Accordingly, the following
preparation procedure was followed for all samples:

The clays were dispersed in deionized water without the use of a chem-
ical additive. If dispersion was difficult, the initial water was extracted
through a porcelain filter candle, and new water added until dispersion
was attained. The portion of the suspension containing the less than
two micron fraction was separated by repeated decantations. Hydro-
chloric acid in concentrations kept less than 0.1 normal was added to
the suspension containing the less than two micron particles. Within ten
to twenty minutes after the addition of the acid, filtration of the clay
on Buchner funnels was started. The clay was washed with acid of the
same concentration until the total amount of acid to which the clay was
subjected equalled about five times that necessary for complete cation
exchange. This was followed by washing with deionized water until the
concentration of salts in the wash water was about 1 part in 100,000.

A concentrated slurry of the material as prepared above was used to
prepare oriented aggregates (Grim, 1934) for x-ray and optical study.
The remainder of the sample was dried at room temperature for the other
analyses. In cases where the influence of added cations were to be studied,
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the prepared clay was not dried. Also, the cation exchange capacities were
made on samples which had not been acid treated.

For high temperature x-ray diffraction study, oriented aggregate sam-
ples were prepared on platinum plates. The furnace used was of the de-
sign described by Kulbicki and Grim (1957). Runs were made with con-
tinuous heating at various rates, and also by soaking the samples at vari-
ous temperatures. In many cases supplementary data were obtained by
heating the samples in an electric furnace to various temperatures, air
quenching, and then obtaining powder camera diffraction data.

Differential thermal analyses were made in a furnace with platinum
wire as the heating element of the general design of Grim and Rowland
(1942) with a platinum block as the sample holder. The analyses were
made up to about 1400° C.

The other analyses were made by standard and well known procedures.

LOCATION OF SAMPLES STUDIED

The location of each sample studied in detail is given in Table 1. No
mention is made of the stratigraphic position or geologic setting of the
samples although pertinent information for most of the samples has
been obtained either by field studies of one of us (R.E.G.) or from the
literature. Possible correlations of the character of the montmorillonite
with its occurrence and mode of formation will be considered separately
in a later report. All samples of the aluminous montmorillonites except
possibly 6, 23, and 31 are bentonites in that their origin is by the altera-
tion of volcanic ash in situ. The origin of the exceptions and the other
montmorillonite samples is not established.

HicH TEMPERATURE PHASE DEVELOPMENT

Figures 2 to 7 show the high temperature phases developed when each
of the samples is heated to a temperature causing the beginning of fusion.
In these figures the intensity of a characteristic diffraction line is plotted
against the temperature of the sample.

The data reported in Figs. 2 to 7 were obtained on samples whose
temperature was continuously increased at a rate of 5° C. per minute.
Other heating rates were used also on various samples, but the rate of
5° C. per minute was most satisfactory to permit the detection of the first
appearance of a new phase and to record its development.

Differential thermal analyses to 1000° C. were made on all samples
and for many of them the analyses were carried to 1400° C. The results
of these analyses are given in Figs. 8 to 13.

The high temperature data show that all of the montmorillonites do
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not develop the same crystalline phases on heating. A study of the data
indicate that the highly aluminous samples investigated can be grouped
into several types based on the characteristic high temperature phases
developed, or as mixtures of these types. The types will be discussed
separately.

TaBLE 1. LOCATION OF SAMPLES

The aluminous montmorillonites are listed according to types as determined by the

present study.

Cheto-type montmorillonites
1. Cheto, Arizona
2. Otay, California
3. Burrera, Jachal, San Juan, Argentina
4. El Retamito, Retamito, San Juan,
Argentina
5. Mario Don Fernando, Retamito, San
Juan, Argentina
6. Tatatilla, Vera Cruz, Mexico
7. Ttoigawa, Niigata Prefecture, Japan
Wyoming-type montmorillonites
8. Hojun Mine, Gumma Prefecture,
Japan
9. Tala, Heras, Mendoza, Argentina
10. Crook County, Wyoming
11. Rokkaku, Yamagata Prefecture, Ja-
pan
12. Amory, Mississippi
13. Santa Elena, Potrerillos, Mendoza,
Argentina
14. San Gabriel, Potrerillos, Mendoza,
Argentina
15. Emilia, Calingasta, San Juan, Ar-
gentina
16. Sin Procedencia, Argentina
Wyoming-type montmorillonites containing
free silica
17. Usui Mine, Gumma Prefecture, Ja-
pan
18. Yakote, Akita Prefecture, Japan
19. Rokkaku, Yamagata Prefecture,
Japan
20. Wayne, Alberta, Canada
21. Dorothy, Alberta, Canada
22. Cole Mine, Gonzales County, Texas
23. Cala Aqua Mine, Island of Ponza,
Italy

Mixtures of Cheto- and Wyoming-type
montmorillonites

24, Pembina, Manitoba, Canada

25. Polkville, Mississippi

26. Grand Junction, Colorado

27. Fadli, Mostaganem, Algeria

28. Taourirt, Morocco

29. Marnia, Algeria

30. Marnia, Algeria

31. Montmorillon, France

32. Yokote, Akita Prefecture, Japan
Miscellaneous aluminous montmorillonites

33. Colony, Wyoming

34. Amory, Mississippi

35. Weston County, Wyoming

36. Humber River, New South Wales,

Australia

Tron-rich montmorillonite

37. Aberdeen, Mississippi

38. Santa Rosalina, Baja California
Nontronite

39. Manito, Washington

Hectorite

40. Hector, California
Saponite

41. Ksabi, Morocco
Talc

42. Gouverneur, New York
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Fic. 2. High temperature phases de-
veloped on heating Cheto-type mont-
morillonites; Samples 1-7; Q, Beta
Qua-tz; C, Beta Cristobalite; K, Cor-
dierite; F, Feldspar.

Cheto-Type

-/‘ 03 h M \
— D02 by
| A ﬁ \
| L
|
¥ g \
003 \ M
\ 3(
12| =l oo —5
> R ==
]
13 \
N N\
|
14 [
| 2=\
el
|
15 /-\ |
. [ain]]
003 ™
~ ) f— R
4]
| l‘"\
16 \
|
€00 800 1000 1200 1400

Temperature — °C

F1c. 3. High temperature phases de-
veloped on heating Wyoming-type mont-
morillonites; Samples 8-16; C, Beta Cris-

tobalite; M, Mullite.

This type is so named because samples from the Cheto bentonite pro-
ducing area in Arizona show very well its characteristics. Figure 2 illus-
trates the high temperature x-ray diffraction data for samples 1-7
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Fic. 4. High temperature phases de-
veloped on heating samples containing
Wyoming-type montmorillonite plus free
silica; Samples 17-23; C, Beta Cris-
tobalite; M, Mullite.

Fi1c. 5. High temperature phases de-
veloped on heating samples containing a
mixture of Cheto-type and Wyoming-type
montmorillonites; Samples 24-32; Q,
Beta Quartz; C, Beta Cristobalite; M,
Mullite; K, Cordierite.
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showing the development of beta quartz, beta cristobalite, and cordier-
ite, which are the characteristic high temperature crystalline phases for
Cheto-type montmorillonite. Figure 8 shows the differential thermal

analytical curves for the same samples.

The montmorillonite structure is preserved to 850°-900° C. where it is
lost abruptly in a temperature interval of about 50° C. There does not
seem to be any change in the intensity of the basal orders of the mont-
morillonite prior to the loss of structure.
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The first high temperature phase to appear is beta quartz between
about 900° C. and 1000° C. It develops at a temperature 50° to 125°
higher than that for the loss of the montmorillonite structure. During
the intervening interval the samples show no x-ray diffraction effects.
The beta quartz develops rapidly as shown by the rapid increase in its
diffraction intensity. The diffraction data indicate cell dimensions slightly
larger (0.1 A) than the values in the literature, suggesting the possibility
of some stuffing of the lattice.

Beta cristobalite appears abruptly usually at 1100° C. and develops
rapidly. The beta quartz phase disappears as the cristobalite develops,
indicating a phase inversion. Sample 1 is exceptional in showing the
development of cristobalite beginning before 1000° C. and before the
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Fic. 7. High temperature phases de-
veloped on heating iron-rich montmoril-

F1c. 6. High temperature phases de-
veloped on heating miscellaneous alumi-
nous montmorillonites; Samples 33-36; Q,
Beta Quartz; C, Beta Cristobalite; M,
Mullite.

lonites (37 and 38), nontronite (39), hec-
torite (40), saponite (41), and talc (42);
Q, Beta Quartz; C, Beta Cristobalite; K,
Cordierite; E, Enstatite; C-E, Clinoen-
statite.
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Fr1c. 8. Differential thermal curves of F1c. 9. Differential thermal curves of
Cheto-type montmorillonites; Samples Wyoming-type montmorillonites; Sam-
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quartz starts to disappear. This same sample also yields a feldspar be-
tween about 1000° and 1100° C.

Cordierite appears at 1200°-1300° C. at about the temperature that
cristobalite begins to disappear. Its diffraction effects increase in intensity
as those of cristobalite decrease.

The samples start to fuse between 1400° and 1500° C. during which
interval all of the diffraction effects disappear.

The differential thermal analytical (DTA) curves in Fig. 8 show con-
siderable variation in intensity of the initial endothermic peak due to
loss of adsorbed water, but no attempt has been made to study possible
causes of this variation. Some samples exhibit a single endothermic reac-
tion between 600° and 700° C. corresponding to the loss of hydroxyl water.
Other samples exhibit a double endothermic reaction in the range 450°



MONTMORILLONITE 1339

HYEN

/-'
S

A
. =Z
—]
A
=

]
[
p—
3

\

S

3
L]
i
B

Temwestun = ¢

Fic. 10. Differential thermal curves of
samples containing Wyoming-type mont-
morillonite plus free silica; Samples 17-23.

F1G. 11. Differential thermal curves of
samples containing a mixture of Cheto-
type and Wyoming-type montmoril-
lonites; Samples 24-32.

to 700° C. In all cases the endothermic reactions due to loss of hydroxyl
water are of slight intensity. A comparison of Figs. 2 and 8 show that the
structure of the montmorillonite is not lost with the loss of hydroxyls. It
is significant that there is no important change in the x-ray diffraction
data for the (002) reflections accompanying the loss of hydroxyls.

The DTA curves show a rather intense endothermic reaction between
850 and 900° C., which is the interval in which the structure of the mont-
morillonite is lost. This endothermic peak is followed after an interval of
50° to 150° C. by a sharp exothermic reaction which can be correlated
with the appearance of beta quartz.

A second exothermic reaction appears at about 1100° C. which prob-
ably is a consequence of the formation of cristobalite. The DTA curves
above about 1200° C. are too complex to be interpreted with certainty.
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However, there is a suggestion of an exothermic peak between 1200° and
1300° C. which may correspond to the development of cordierite, an
endothermic peak at about 1250° C. probably due to the break up of
cristobalite, and another endothermic peak just short of 1400° C. at the
temperature of the beginning of the fusion of the samples.

One of the samples (#7) contained cristobalite that could not be sepa-
rated by fractionation from the montmorillonite. An inspection of the
high temperature phase development and the DTA data shows no sig-
nificant difference from samples of the same type without the excess
silica.

Wyoming-Type

Many samples of bentonite from Wyoming are composed of mont-
morillonite with the characteristics of this type, hence the name.

Figure 3 shows the high temperature phases of samples 8~16 composed
of Wyoming-type montmorillonite. The characteristic high temperature
phases are cristobalite and mullite. Figure 9 illustrates the DTA data
characteristic of this type of montmorillonite.

The montmorillonite on heating in the range of 600° to 700° C. shows
generally a decrease in the intensity of the (001) reflection, an increase
in the intensity of the (003) reflection and no significant change in the
intensity of the (002) reflection.
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F1c. 12. Differential thermal curves of F16. 13. Differential thermal curves of
miscellaneous aluminous montmorillon- iron-rich montmorillonite (37 and 38),
ites; Samples 33-36. nontronite (39), hectorite (40), saponite

(41) and talc (42).
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The montmorillonite structure is lost at 900° to 950° C. and no x-ray
diffraction effects are noted again for a temperature interval of 200° to
250° C., 4.e., until heating is carried to 1100° to 1150° C. at which tem-
perature cristobalite and mullite appear at about the same time. Both of
these phases persist until 1400° to 1500° C. when the material fuses.
Frequently the cristobalite begins to disappear at about 1300° C. whereas
the mullite generally persists unchanged until near the fusion tempera-
ture. However, the intensity of the mullite reflections is never very great
indicating that this phase is never very abundant and/or very well
crystallized. The lattice dimensions of the mullite vary slightly from
published values for the pure mineral suggesting some replacements or
defects.

The characteristics of the initial endothermic peaks on the DTA
curves will not be considered herein. The curves all show a fairly intense
endothermic reaction between 600° and 700° C. due to the loss of hy-
droxyl water. Some of the samples show another endothermic peak be-
tween 500° and 600° C. making a dual peak for the dehydroxylations. In
general these dehydroxylation endothermic peaks are more intense for
the Wyoming-type than for the Cheto-type montmorillonites. The x-ray
data show that the structure of the montmorillonite persists through the
loss of hydroxyls but that some structural changes take place which are
adequate to cause changes in the relative intensities of the basal spac-
ings. The DTA curves show an endothermic reaction of variable intensity
at about 900° C., which is the temperature at which the diffraction
effects from montmorillonite disappear. This endothermic peak is fol-
lowed immediately by an exothermic reaction and it is of special interest
that there is no crystalline phase shown at this temperature by the x-ray
diffraction data, i.e., this thermal reaction occurs at a temperature in-
terval in which there are no x-ray reflections.

The DTA curve shows an exothermic reaction (sometimes more than
one) at 1100° to 1200°C. which is the temperature at which mullite and
cristobalite appear. The DTA curves beyond this temperature are quite
irregular and variable, and cannot be interpreted.

Wyoming-Type With Excess Silica

Many of the samples containing the Wyoming-type montmorillonite
also had quartz and/or cristobalite in small amounts (less than 15%,) in
particles so small that they could not be separated by fractionation from
the montmorillonite. It is interesting that only one sample (#7) of Cheto-
type montmorillonite was found with such free silica. The results of the
high temperature diffraction studies of the Wyoming type samples with
excess silica (numbers 17-23) are given in Fig. 4. DTA curves for the
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same samples are given in Fig. 10. The diffraction effects of the quartz
are not shown in Figure 4 since they did not influence the high tempera-
ture phase development.

A comparison of Figs. 3 and 4 show that the excess silica had no de-
tectable effect on the development of high temperature phases. A com-
parison of the DTA curves in Figs. 9 and 10 show no large differences.
The thermal reactions, especially the exothermic ones, are usually rela-
tively less intense in the samples with excess silica. Also it is interesting,
although the possible significance is not presently known, that none of the
samples with excess silica show a double peak for the loss of hydroxyl
water.

Mixtures of Cheto- and Wyoming-Types

Figure 5 shows high temperature phase data for samples (numbers 24—
32) which exhibit characteristics of both of the Cheto- and Wyoming-
types. Samples 27, 28 and 30 show cristobalite and mullite which are
characteristic of the Wyoming-type plus cordierite which is characteristic
of the Cheto-type. The DTA curves, Figure 11, of these same samples are
like those of the Wyoming type and it seems likely that the dominant
component of these samples is Wyoming-type montmorillonite.

Samples 24, 25, 26 and 29 show beta quartz and cristobalite high tem-
perature phases like those of the Cheto-type plus mullite. In samples 24
and 26 cordierite has not developed. These samples except #29 show DTA
curves characteristic of the Cheto-type montmorillonite and it seems
likely that this type is dominant in these samples. The DTA curve of
sample 29 resembles more those of the Wyoming-type than the Cheto-
type, however, the first exothermic peak is unusually broad and could
well be interpreted as a composite of the peaks in the Wyoming- and
Cheto-types. The suggested interpretation is that sample 29 contains
roughly equal amounts of Cheto- and Wyoming-type montmorillonites.

It is of interest that the sample investigated from the type locality at
Montmorillon, France (#31) is a mixture of the Cheto- and Wyoming-
types.

Sample 32 is composed of a mixture of the montmorillonite types plus
cristobalite which could not be separated by fractionation. The high
temperature phase development shows nothing unique. The exothermic
reaction at about 900° C. seems unusually broad and may again be inter-
preted as due to the mixing of about equal parts of the two types of
montmorillonite.

It is recognized that another possible interpretation is that these data
do not indicate mixtures of two types of montmorillonite, but rather
variations in the composition within a single type. It will be shown pres-
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ently that there is strong additional evidence for mixing of types, al-
though there is undoubtedly some variation in composition within each

type.

Miscellaneous Samples

It is not meant to imply that all aluminous montmorillonites belong to
the two classes indicated above. Figures 6 and 12 present high tempera-
ture phase and DTA data for samples that do not fit exactly in either of
these two categories. Thus samples 33, 34, 35 and 36 have DTA curves
like those of the Wyoming-type, and the high temperature phase char-
acteristics are also like those of the Wyoming-type except for the small
amount of quartz forming just prior to the development of cristobalite.
It is expected therefore, that these samples would not differ in any very
substantial way from those of the Wyoming type. A possible explanation
for the presence of the beta quartz phase will be presented later in the
Discussion.

Figures 7 and 13 present high temperature phase DTA data for a few
montmorillonites with a high iron content (37, 38), a sample of nontronite
(39), samples with a high magnesium content (40, 41), and a sample of
talc (42). Samples with increasing replacements of aluminum by iron
(samples 37, 38 and 39), show the absence of mullite at high tempera-
tures. In samples with abundant iron (38, 39), cristobalite is the only high
temperature phase. The destruction of the montmorillonite lattice tends
to be at lower temperatures (800° to 900° C.) in the iron-rich samples as
compared to the aluminous types. Also the cristobalite disappears finally
at a slightly lower temperature in the iron-rich montmorillonites. The
DTA curves for these high iron samples show a lower temperature for the
endothermic dehydroxylation peaks than is the case for the aluminous
types. Also the endothermic peak for the loss of structure is at a rela-
tively lower temperature in the iron-rich types. In the nontronite sample
(39) there is no peak accompanying the loss of structure, perhaps because
of a gradual destruction of the structure which is in accordance with the
x-ray data shown in Fig. 7. The DTA curves for the iron-rich samples
show an exothermic reaction between 800° and 900° C. which is not ac-
companied by any crystalline phase detectable by x-ray diffraction. No
definite explanation can be offered, but it is the authors’ opinion that it
represents the nucleation of a phase with a silica type crystallization. The
slight second exothermic reaction just short of 1200° C. is at the tempera-
ture at which cristobalite appears in high temperature diffraction data.
The DTA curves above 1200° C. are to complex to be interpreted.

In the case of hectorite (40) the structure is lost gradually from about
800° C. to 1000° C. Enstatite appears as soon as the structure of hector-
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ite begins to disappear and the maximum diffraction of enstatite is at-
tained while the hectorite is still producing considerable diffraction in-
tensity. At about 1125° C. enstatite changes to clinoenstatite. No other
high temperature phases were evident. The endothermic reactions at
about 800° C. and 1200° C. are in the range of the loss of montmorillonite
structure and the formation of enstatite, and the inversion of the enstatite
to clinoenstatite, respectively. The saponite sample (41) loses its struc-
ture from about 800° C. to 875° C. without a corresponding DTA peak in
accordance with its trioctahedal structure. Enstatite begins to form at a
slightly lower temperature than that of the final loss of the saponite
structure with no corresponding DTA peak. The intensity of the enstatite
diffraction continues to increase to the highest temperature attained,
1500° C. Cristobalite begins to form at about 1150° C. and the intensity
of its diffraction effects also continue to increase to the highest tempera-
ture attained. The DTA curve for saponite shows only one moderately in-
tense thermal reaction, the exothermic reaction at about 975° C., and no
definite correlation is possible between the DTA curve and the high
temperature phase data.

The talc sample (42) loses its structure between about 700° C. and
880° C. Enstatite appears at a slightly lower temperature than that of the
final loss of the talc structure and continues to diffract with moderate
intensity up to the highest temperature attained, 1500° C. Cristobalite
appears first at 1450° C. with very minor diffracting intensity which is,
however, increasing at 1500° C. The DTA curve for talc shows a single
thermal reaction, an endothermic one just short of 1000° C., which can-
not be correlated with any of the high temperature phase reactions.

CHEMICAL ANALYSES

Chemical analyses of all samples together with structural formulae
computations according to the method of Ross and Hendricks (1944)
are given in Tables 2 to 6.

The computed compositions of octahedral cations for all the mont-
morillonite samples are plotted in Fig. 14.

The chemical compositions of the aluminous samples fall into two
groups corresponding to those derived from the high temperature diffrac-
tion and DTA data. The samples classed as Cheto-type, Table 2, have
less than 59, of tetrahedral silicon replaced by aluminum; 25 to 359, of
octahedral aluminum replaced by magnesium; and 59, or less of the
octahedral positions populated by iron.

In general the Wyoming-type montmorillonites, Table 3, show about
the same amount of the tetrahedral silicon replaced by aluminum, al-
though in some samples the amount of tetrahedral aluminum is greater
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than is the Cheto-type samples. In the Wyoming-type montmorillonite
5 to 109 of the octahedral aluminum is replaced by magnesium (less than
for the Cheto-type); and 5 to more than 159 of the octahedral positiors
are populated by iron which is more than for the Cheto-type. The total
octahedral population is generally 2 or slightly less in the Wyoming-type
samples, whereas for the Cheto-type this value is generally slightly
greater than 2.

The analyses of the Wyoming-type sample containing free silica show,
Table 4, the expected relatively large amount of SiO,.

Samples composed of mixtures of Cheto-and Wyoming-type mont-
morillonites have chemical compositions, Table 5, that are intermediate
between the pure Wyoming- and Cheto-types.

Samples 33, 34, 35 and 36, which differ from the Wyoming-type sam-
ples because a small amount of beta quartz formed as an initial high tem-
perature phase, and which are listed among the Miscellaneous samples in
Table 6, have chemical compositions similar to those of the Wyoming-
type samples, Fig. 14.

Samples 37 and 38, Table 6, show some characteristics of both the
Cheto- and Wyoming types in the larger replacement of octahedral

2 Cheto-type
Cheto- type with- free silica
Wyoming - type

Wyoming-type with
free silica
Mixtures of Cheto and
Wyoming-types
Mixtures of Cheto ond Wyo-
ming-types with free silica
Miscelloneous montmorillonites

N a0
/ N N\
AN IR N R N N
/ \ b L Y N R X
N\ / N/ N N N/ /
J/ 2 Fattt

190 180 170 160 150 140 130 120 1o

F16. 14. Computed octahedral cation compositions of the montmorillonites.



1347

MONTMORILLONITE

‘sardures Jo 1y8m () ,SOT) AIp U0 paseq sIsL[euy

s | st | oseT o | or o | oz | e | @1 | wu | sw €7
oror | sz | sUE | g0 | 9T | s¥ w1 | s | sve | ooz | s | @
s | s | we | 100 | e o | er | s | ev | sew | 069 12
€L | We | w6 o| w | w | e s | e | s | we | oo

wr | e | et | w | o | st | s s | wo | ee | o0 61
ws | e | s | w0 | e | v | w1 | s | @z | ww | s s
s | v | ot o | o | we | w1 | w | ez | oa | ow |

o | 000005 T | oy | omN | om) | OPm | o | 0P | (O o8 | Sl

ALTIVEOLISIE)) MO\QZ< NHM<DO OSTV ONINIVINO)) ALINOTITIOWINON IdAJ-ONIWOAM J0 SESAIVNY TVOINIH]) § TT19V ],



R. E. GRIM AND G. KULBICKI

1348

&2 9pnI) L
QT Se 9 [BIO],
“sapdures Jo 3yStam () oSOT) AIp UO paseq SISA[RUY

§0°¢ 6°C Lo’ a0° ¥0° 96°¢ ££701 (45 = [ 00°8¢ 0%"1 {7 008 1%
19 | 187 | se=n 20 |s6¢ [6z's | ser=ou1 [1ew |or | s | s |woe f0° sit | ores | dov
ost | w1 [ v | |sor | me | oe | g0 | s | zgne see | oros | e
60°T 6%° & ' il o¢” €9°¢ | 0B'11 2L (4389 b ] 4N ka” 0 mo.uv £T° 0z'6 TET6T | B 0L = 8¢
€0°Z £e” res (kA or’ 18°€ | LL7L Oo‘hu 0g”" £0’ gz wwwm.l YA oz’ 69781 | B6'6E 1n|m,-ll
1671 £1° | EE £0° 8kl m_“_,||.mm‘m ¥T'8 V6t BI'F 90" £g" 09°C | €€°1 9¢- 0L°9 0L761 | DO 09 og .
t0'C 81" 10 70" 1971 A SL°¢ | S0°L 85'¥ I¢°¢ [ ve” ¥0* 61 e 9.°¢ 0Z°9z | NT'09 13
90°7 Iz’ 81° 10° 99°1 (135 oL'e g £1°¢ 96°¢ (42 8T” .m. 0Tt LES 8L°¢ L1742 | 10'6S e
00°¢ og” a 1877 90" ¥6°€ | 96°8 .i_”_._..a 00" oz” A_N.JII ¥9°C #¥6°¢ ST* e mn,mu. £ -
moy| TN | wpd | wea | RO RE | ag | —omr | 096005 | 0058014 | ey | oseN | 0% |0 | 00t |fomd | forL | 0nv | ot S
SHTARVS SOCANVTTADSII 40 SESAIVNY TVIINIH)) 'Q WIhY],
EIIS A1) sureiuc;) §
AR apnddy |
: O SE 9 [210], 4
5| dwvs 10 3BRM () o501) A1p U0 paseq sasd[iy
e an” 0" A b ive 66°¢ 6" ¢ 0 62" 0| LE°E gL L | IFr6l | BE'69 s
vz | o | so 1| f00 | e | e | o876 | €10 | w00 | 1671 | ere 26° o | 91709 | is
€07 og” g o’ £L7] LU 16°F | 0874 L9 £e'f 1] £9° 0|zt ¢ tF: | 2: i LE'ET | L£°€0 of
e 6F" or- i g1 1 £87F | L0°6 1278 | £0° |.ﬂc. BE' {100 «90°T [ OF §1°7¢ l.wo;u.u 6F
T £ 01’ 1871 i SB°E | £17L oL | L1 48 [ 5 «ET°T 0" 66" 2T . 9519 82
e 6" [ €71 ors D6°F | L2378 9L L1 £9” Ly A RO L0 | 687 BT°OT | 0L709 i
.ﬂ;ﬂl ﬂ (48 i 6E71 i BL°E | £0°T1 BLE 90"¢ 0 Z9° £e" 9 f L1 4 .Iv,m”m.w or 19 e
66T L ¥ o’ LF 1 £1° L87°E | O1°E1 £y 9e° T £1° 41" s’ c_m‘».. 0F" L0°E 0B'ET | 009 14
S0°¢ (0 £0’ 0" 9g'l £T° L8 | BO'EL £9'F 8£°¢ 0 L€* 0 _m:.w. BL" oL’ 6T | €919 +
g | W | w2k | e | RO RE | s | —om | 06005 008 SOT | oepr e | oreN | 0% | 0% | 094 [towi | ot | fonv | o5 g ey

SALINOTITHONINOJY TJAT-ONINOAAN NV -OLFHD) J0 STLALXTIY 0 SHSATVNY TVOINIHT) 'C TTHV ],



MONTMORILLONITE 1349

aluminum by magnesium of the former and the relatively large replace-
ment of tetrahedral silicon by aluminum of the latter. In addition these
samples have a larger amount of iron than the Cheto- and Wyoming-type
samples.

The sample of nontronite (39) has only a small amount of replacement
of magnesium for iron in octahedral positions. The nontronite sample as
well as the samples with considerable replacement of the aluminum by
iron in octahedral positions (37 and 38) are dioctahedral forms, but the
total population of octahedral positions is appreciably in excess of 2.

The samples of hectorite (40) and saponite (41) both are trioctahedral
forms in which magnesium is the dominant component of the octahedral
layer. It is interesting in both of these samples the tetrahedral layers
have very little replacement of silicon by aluminum and in each case the
total population of octahedral positions is slightly in excess of 3.

CatioN ExcuaNGE CAPACITY

The cation exchange capacities of the samples determined and com-
puted are listed in Table 7. The determined capacities of the Cheto-type
montmorillonite ranges between 114 and 133 milliequivalents per 100

TaBLE 7. CATION EXCHANGE CAPACITY IN MILLIEQUIVALENTS PER 100 Graums

Sai\rIr;[')le Determined Computed SaNng‘)le Determined Computed
Cheto-type Mixture of Cheto- and

1 133 168 Wyoming-types.

2 114 160 25 113 151

3 118 151 26 114 126

4 125 182 27 114 126

5 125 161 28 118 129

6 122 29 110 126

30 109 90

30 103
Wyoming-type 32 57 (contains free
N silica)

8 109 95 .

0 o1 95 Miscellaneous Samples
10 89 87 33 106 90
11 98 92 34 90 95
12 96 106 35 117 92
13 111 95 36 106 89
14 110 92 38 93 160
15 109 98 39 88 160
16 102 123 40 82
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gram, whereas the capacities of the Wyoming-type samples ranges from
89 to 111 milliequivalents per 100 gram. It is interesting that there is no
overlap in the capacities between these types of montmorillonites.

The relatively higher exchange capacity of the Cheto-type is in agree-
ment with a greater total replacement and higher net negative charge on
the lattice of this type of montmorillonite as compared to the Wyoming-
type. In the Wyoming-type most of the charge is derived from replace-
ments in tetrahedral positions, but the total charge on the lattice is less
than for the Cheto-type montmorillonite.

The samples which are mixtures of the two types have cation exchange
capacities, which are intermediate as would be expected.

The miscellaneous samples with the exception of #35 have capacities
similar to those of the Wyoming-type montmorillonite. The aluminous
samples in this miscellaneous group (nos. 33, 34, 35 and 36) also have
chemical compositions which are quite similar to those of the Wyom-
ing-type. Miscellaneous samples 38, 39 and 40 are high iron or magnes-
ium montmorillonite samples and data are not at hand to indicate
whether or not these values have any general significance.

For the Wyoming-type montmorillonite, there is reasonable agreement
between the determined and the computed cation exchange capacities.
However, for the Cheto-type, the computed values are uniformly higher
than the determined values by the order of about 35 milliequivalents per
100 grams. The only explanation that can be offered for this lack of agree-
ment in the Cheto-type is that it is a consequence of the preparation of
the samples. The samples for chemical analyses were prepared using acid,
whereas for the exchange capacity determinations the samples were un-
treated. Perhaps the acid treatment removed some cations from within
the lattice thereby increasing the computed value. Tf this is the explana-
tion, it follows that the Cheto-type is more susceptible to leaching than
the Wyoming-type montmorillonite.

In the case of mixtures, the computed values are in general higher than
the determined values in accord with the presence of some Cheto-type
material.

The foregoing explanation is supported by the much higher computed
values for the iron rich samples (38, 39) as compared to the determined
values. It would be expected that the lattice iron would be relatively
more affected by the acid treatment.

X-RAY DI1FFRACTION OF UNFIRED SAMPLES

Powder Diagrams

The diagrams for the Cheto-type montmorillonites as compared to the
Wyoming-type show somewhat better defined prism reflections, the (001)
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reflections are frequently sharper, and there is a more definite indication
of higher basal orders.

In the case of mixtures of the two types of montmorillonite, the prism
reflections are like those of the Wyoming type. The (001) reflections are
variable with similarities to both types represented in different samples.

The sample listed as containing free silica shows diffraction lines for
cristobalite and/or quartz in addition to those from montmorillonite.
Except for the expected reduction in intensity of the montmorillonite re-
flections, there is no significant difference in the patterns of these samples
as compared to those with little or no free silica.

TABLE 8. COMPUTED AND MEASURED VALUES FOR b

Sample No. Computed | Measured Sample No. Computed | Measured
Cheto type Wyoming
type
(cont.)
1 8.966 9.00 13 8.972 8.97
2 8.973 9.01 14 8.966 8.97
3 8.981 8.98 | 15 8.975 8.97
4 8.979 8.97 16 8.98 8.97
5 8.987 9.00 Miscella-
6 8.938 8.95 neous types
Wyoming type 33 8.951 8.95
8 8.933 8.965 34 8.978 8.965
9 8.944 8.94 35 8.97 8.98
10 8.95 8.97 36 8.958 8.97
11 8.956 37 8.998 9.00
12 | 8.979 8.97 38 9.03 9.04

Miscellaneous samples (33, 34, 35, 36) give diffraction data like those
of the Wyoming-type. Sample 38 with a higher iron content is also like
that of the Wyoming type. The sample of nontronite gives poorer data
than the Wyoming-type in that the prism reflections are merely broad
bands.

The values of by determined from the (060) reflections observed on the
powder diagrams and calculated according to the formula of MacEwan
(1951) for the Wyoming, Cheto, and miscellaneous types are given in
Table 8. All specimens appear to be dioctahedral montmorillonites. The
agreement between the observed and computed values is reasonably
good. The Wyoming-type samples observed values range from 8.94 to
8.97. The miscellaneous samples (33, 34, 35, 36) range from 8.95 to 8.98.
The values for the Cheto type range from 8.97 to 9.01—higher than the



1352 R. E. GRIM AND G. KULBICKI

Wyoming type as would be expected because of the higher content of
magnesium. An exception in the case of the Cheto-type is the Tatatilla
sample (6) for which the value is unusually low probably because of the
extremely small iron content. The values for the samples with a high iron
content (37, 38) are 9.00 to 9.04 which is in the expected range. The
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Fig. 15. X-ray diffraction spectrograms of oriented aggregates of Cheto-type mont-
morillonite (3 and 5), Wyoming-type montmorillonite (8 and 11), and a mixture of these

types (26).
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(060) reflection for most of the samples is fairly sharp but for others it is
fairly broad, sometimes suggesting that it is a complex of several reflec-
tions. The samples composed of a single type of montmorillonite are in
general sharper than those composed of mixtures. This is true for all of
the Cheto-type samples but not for all of the Wyoming-type samples.
Further, a few of the samples composed of mixtures yield quite sharp
(060) reflections. It may be concluded from the foregoing statements that
powder diffraction data may suggest that a given sample is composed of
a particular type of montmorillonite or a mixture, but it is no more than
a suggestion. The data seem to indicate that the population of cation
positions in a mass of montmorillonite is more uniform in the Cheto-type
than in the Wyoming-type mineral.

Oriented Aggregate Diagrams

The Cheto-type samples show intense sharp (001) reflections but higher
orders are always of about uniform low intensity both with and without
glycol treatment, Figs. 15 and 16. On the other hand, the Wyoming-type
samples usually show sharp (001) reflections and also sharp intense higher
orders up to about (006). The sharp higher orders were obtained from one
sample without glycol treatment, but for the other samples glycol treat-
ment was necessary to develop them.

The samples containing excess silica were substantially like those of the
purer montmorillonites. The Wyoming-type with excess silica show the
same sharp higher orders up to about (006) as those without the silica,
indicating that the quartz or cristobalite is present in discrete particles
even though it has been impossible to separate it from the montmoril-
lonite.

The samples composed of mixtures, following glycol treatment, show
the sharp higher orders like the Wyoming-type except that they are
somewhat less intense. The (004) and (006) reflections are relatively
weaker than the (002), (003), and (005) reflections and this characteristic
is more pronounced in the mixtures than in the pure Wyoming-type
mineral.

The miscellaneous samples of the aluminous montmorillonites show the
development of higher orders comparable to the Wyoming type. The non-
tronite sample also shows the development of higher orders, but as would
be expected the relative intensities are different from those of the
aluminous samples.

It is planned to consider further the diffraction characteristics of these
types of montmorillonite in a later paper. It appears, however, that the
data warrant the conclusion that the Wyoming-type is composed of unit
silicate layers less well bonded together than the Cheto-type, so that the
montmorillonite can be more completely dispersed leading to more uni-
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Fic. 16. X-ray diffraction spectrograms of oriented aggregates, glycol treated, of
Cheto-type montmorillonite (3 and 5), Wyoming-type montmorillonite (8 and 11), and a
mixture of these types (26).



MONTMORILLONITE 1355

F16. 17. Electron micrographs (carbon replicas) of Wyoming-type
montmorillonite (10), 6500X.

F16. 18. Electron micrographs (carbon replicas) of Cheto-type
montmorillonite (6), 6500X.



1356 R. E. GRIM AND G. KULBICKI

formly oriented aggregate flakes which are more thoroughly and com-
pletely penetratable by the glycol. This is in accord with the relatively
low cation exchange capacity and hence lower charge on the lattice of the
Wyoming type which in turn is the consequence of a relatively smaller
amount of substitution within the lattice of the Wyoming-type mont-
morillonite.

ELECTRON DIFFRACTION AND MICROSCOPY

The electron diffraction and microscopic characteristics of the samples
were not investigated exhaustibly but only to determine if there were ob-
vious differences corresponding to the Wyoming- and Cheto-types of
montmorillonite. No such differences could be found in the diffraction
data.

Electron micrographs using the carbon replica technique indicate that
the Wyoming type, Fig. 17, is composed of such extremely small particles
that there is no suggestion of individual particles in the micrographs. On
the other hand, micrographs of the Cheto-type, Fig. 18 and the sample
from Montmorillon, Fig. 19, which is a mixture of types, have a granular
appearance suggesting somewhat coarser particles. It is not felt that the
electron micrographs present unequivocal evidence for separating the two
types. However, the characteristics of the electron micrographs are gen-

F1c. 19. Electron micrographs (carbon replicas) of samples composed of mixture
of Wyoming- and Cheto-type montmorillonite, (31), 6500X.
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erally in accord with the characteristics of the two types of aluminous
montmorillonite derived from the other data.

Electron micrographs of the same samples after heating to a tempera-
ture just adequate to destroy the montmorillonite structure (900° C.=+)
showed no significant differences as compared to the unfired samples.

2

CENT TRANSMISSION

PER

]

7

4000 3000 2000 1500 1000 500 Cm-!

Fi1c. 20. Infra-red absorption curves of montmorillonites: Cheto-type (1 and 2),
Wyoming-type (8), Wyoming-type plus quartz (20). All data from films except separate
curves 600-1300 cm ™ from KBr pellets.

INFRA-RED ANALYSES

Infra-red absorption curves were obtained for a series of samples show-
ing differences in chemical composition, x-ray diffraction, and DTA
characteristics by Dr. J. M. Serratosa of the Illinois State Geological
Survey. The authors are indebted to Dr. Serratosa for the interpretation
of the infra-red data which are presented in Figs. 20 to 23.

Films composed of particles with parallel orientation of the basal
cleavage planes were prepared by evaporating a suspension on plastic
slides; when dried the films are easily separated with ethyl alcohol. These
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F16. 21. Infra-red absorption curves of iron-rich montmorillonite (37), nontronite
(39), hectorite (40), and saponite (41). All data from films except separate curves
600-1300 cm ! from KBr pellets.

films were heated to 300° C. and protected with fluorolube oil in order to
avoid rehydration. Infra-red spectra were obtained for different inci-
dent angles. Serratosa and Bradley (1958) have shown that among micas
and related crystallizations trioctahedral compositions exhibit an OH
bond axis normal to the cleavage flake with an infra-red absorption fre-
quency near 3700 cm.~!, but that the dioctahedral compositions exhibit
OH bond axes near the plane of the cleavage flake and of lesser absorp-
tion frequency. Determination of the direction of the OH bond axis by
obtained spectra of oriented aggregates for different incident angles
therefore provides a means of identifying the dioctahedral or triocta-
hedral nature of such crystallization.

In the 3700 cm.~! region all of the samples of montmorillonite and non-
tronite examined showed a strong absorption for normal incidence with
little sensitivity to the orientation of the flake, thereby indicating that
the crystallization in these samples is dioctahedral. It must be noted that
it is uncertain whether a mixture of dioctahedral and trioctahedral forms
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Frc. 22. Infra-red absorption cuives of sample 27 composed of a mixture of Cheto-
and Wyoming-type montmorillonite, and after heating to temperatures indicated.

could be detected with the equipment used (NaCl prism), if one of the
components was present in small amounts. There is therefore, the pos-
sibility that a small amount of trioctahedral material may be present in
these samples. It is of interest that the maximum absorption of the mont-
morillonites corresponds to that of muscovite (3640 cm.™!), whereas that
of the nontronites, is lower (3600-3610 ¢cm.™1).

The samples of saponite and hectorite, Fig. 21, show an absorption at
higher frequencies (3700-3710 cm.~!) which increases markedly with the
incidence angle thereby indicating the trioctahedral nature of these min-
erals. The effect is more pronounced in the saponite than in the hectorite,
probably because of the substitution of some OH by F in the hectorite.

In the 2000-600 cm.~* region the samples were examined as films with-
out any protection, and as disseminated KBr pellets in concentrations
of 0.3 to 0.8 per cent. All the samples show a band at 1625 cm.™ charac-
teristic of the adsorbed water (deformation frequency of the H-O-H
vibration). There is strong absorption at 1000-1050 cm.™! associated
with the Si-O bonds, and a medium band between 1075 and 1125 cm.™*
which cannot be explained. Also in the montmorillonites and nontronites
there is a relatively weak band at 840-850 cm.~%. The absorption at 775
and 800 cm.~! is due to quartz impurity.

In montmorillonites with aluminum as a principal cation in octahedral
positions there is a relatively strong band at 920 cm.™'. In the nontronites
this band is not present, but instead there is an absorption at 820 cm.™},
the shift in frequency being produced by the substitution of iron for
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Frc. 23. Infrared absorption curves of nontronite (39) and
after heating to temperatures indicated.

aluminum. To investigate this matter further spectra were obtained of
montmorillonite and nontronite after heating to various temperatures up
to 620° C. As shown in Figs. 22 and 23, the intensity to these two bands
decreases regularly as the hydroxyls are lost. They must therefore, be re-
lated to the octrahedral layer, but at present it is not certain if these ab-
sorption bands correspond to a deformation vibration of the OH groups,
or are associated with the vibration of the octahedra as a whole (O-Al-
OH or O-Fe-OH vibrations).

In saponite and hectorite neither the 920 or 820 cm.~ band is present.
Probably the strong absorption at about 650 cm.™! is the corresponding
one in these minerals.

For the present study the salient conclusion from the infra-red data is
that all the montmorillonites and the nontronite are dioctahedral. Any
mixing of trioctrahedral crystallizations is believed to be very minor. The
spectra do show slight variations in the 1200-600 cm.~t region which it
is hoped future studies will relate to differences in the population of the
tetrahedral and octahedral positions in the structure. In other words, it is
not possible at the present time to relate these variations to differences in
the type of montmorillonite, but there is considerable possibility that
future investigations will permit such a correlation.

MicroscopiCc STUDY AND OPTICAT PROPERTIES

Oriented aggregates produced by drying a suspension on a glass slide
were examined with a petrographic microscope to determine the char-
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acter of the aggregates and also, if possible, the optical properties of the
montmorillonites.

In general the Wyoming-type montmorillonite shows much better
aggregate orientation than the Cheto-type. The individual particles in the
Wyoming-type aggregates are often too small to be seen individually and
the aggregate has the appearance of the fragment of a single crystal. On
the other hand, individual particles of the Cheto-type are easily visible in
the aggregate which has a granular appearance. The uniformity of
orientation of the individuals is much less in the Cheto-type than in the
Wyoming-type. The particles of the Wyoming-type are not only smaller,
but have aggregated together so perfectly that something akin to crystal
growth has taken place.

As would be expected, the aggregates of the samples which are mix-
tures of the Wyoming- and Cheto-types are variable. Some are about like
those of the Wyoming-type whereas other are distinctly granular. The
aggregates of the miscellaneous type of montmorillonites are more like
those of the Wyoming-type than the Cheto-type. Many of these samples
provide aggregates which are composed of extremely small particles with
a very high degree of uniformity of orientation. The sample of hectorite
gives particularly excellent aggregates.

The optical properties were studied to determine if there was any con-
sistent difference between values for the Cheto- and Wyoming-types. No
such differences were found unequivocally and perhaps none are to be ex-
pected since, as Ross and Hendricks (19435) have shown, the indices vary
with the iron content and as Mehmel (1937) has shown, the indices also
vary with the content of magnesium. As both the iron and magnesium
vary within the types, the influence of this variable might well conceal
any variation between types. However, the data suggest that where the
composition is similar the Wyoming type has slightly higher indices.
Thus, sample 8, which is a Wyoming-type with a low iron content has a
higher indice (8=1.530) than sample 4 of the Cheto-type with a slightly
higher iron content (8=1.520). No satisfactory explanation can at the
moment be offered for a possible consistent difference in optical properties
from one type to the other.

PoTtassiuMm AND MAGNESIUM TREATMENT

Samples of the various types of montmorillonite were treated with
KCl (IN) and then washed until free of chloride. Diffraction diagrams
were obtained on oriented slides after air drying with and without glycol
treatment, and after oven drying and glycol treatment.

Wyoming-type samples, Fig. 24, collapsed to a ¢ axis spacing of about
11.7 A on air drying. Both the air dried and oven dried (at 100° C. for 2
hours) expanded to about 17.4 A following glycol treatment. Therefore
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oming-type montmorillonite (10) treated to-type montmorillonite (1) treated with
with KCl. A—air dried, B—air dried and KCl A—air dried, B—air dried and glycol
glycol treated, C—dried at 100° C. for 2 treated, C—dried at 100° C. for 2 hours and
hours and glycol treated. glycol treated.

it may be concluded that no permanent collapse of the structure or re-
tardation of expansion was caused by potassium treatment of this type of
montmorillonite.

The two samples of Cheto-type, Figs. 25 and 26, so treated collapsed on
air drying to 12.1 and 11.9 A. respectively. Following glycol treatment
the air dried samples expanded to 15.5 and 14.7 A, respectively. Glycol
treatment of the oven dried samples produce material which expanded to
about 15.5 and 14 A, respectively. Results following the treatment of
potassium chloride are therefore different for the two types of mont-
morillonite. This matter is being investigated further. Present data show
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to-type montmorillonite (3) treated with rich montmeorillonite (37) treated with KClL.
KCl A—air dried, B—air dried and glycol A—air dried, B—air dried and glycol
treated, C—dried at 100° C. for 2 hours treated, C—dried at 100° C. for 2 hours and
and glycol treated. glycol treated.

that the results are not the same for all montmorillonites derived from
bentonites, and that the process must be used with caution in distin-
guishing expandable clay minerals derived from different parent ma-
terials (e.g. degraded micas versus montmorillonites from bentonites). It
seems worthwhile to emphasize that the type of montmorillonite which
shows no effect of potassium treatment, 7.e. Wyoming type, is the one
with a lower charge on the lattice and a lower cation exchange capacity.
The type with a greater charge on the lattice shows retardation and re-
duction in amount of expansion, i.e. apparently in this type of mont-
morillonite enough potassium is held between the silicate layers to pre-
vent complete expansion.

Miscellaneous sample 37 following potassium treatment shows, Figs. 26—
27, a c-axis spacing of 12.5 A without glycol treatment and 13.6 A after
glycol treatment. After oven drying the sample shows an expansion with
glycol to only 11.6 A. This sample has a larger amount of replacement
within the octahedral positions than the Cheto-type samples, and as ex-
pected potassium treatment causes a greater reduction in expansion than
for the Cheto-type samples.

The same samples were treated with magnesium chloride (1N) and
then washed free of chloride. The results were the same for all the sam-
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ples. Diffraction patterns obtained after air drying show a c-axis spacing
of 13.8 A. Following glycol treatment, the air dried samples and samples
oven dried at 100° C. for 2 hours expanded to 17.2 A. Thus the mag-
nesium treatment has no effect in reducing the amount of expansion of
the montmorillonites studied. The difference in the effect of potassium
and magnesium is expected, since regardless of the charge, at least within
the limits of the samples investigated, the size and coordination char-
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F1c. 28. High temperature phases developed by particle size frac-
tions of a sample (29) composed of a mixture of Cheto- and Wyoming-
type montmorillonites. A, Fraction <1micron; B, Fraction 2—1 micron;
Q, Beta Quartz; C, Beta Cristobalite; M, Mullite; K, Cordierite.

acteristics of the magnesium ion would not cause it to aid in restricting
the expansion of dried montmorillonites. Further magnesium treatment
is a safer way to distinguish expandable material derived from chlorite as
compared to montmorillonite derived from volcanic ash than is potas-
sium treatment in distinguishing expandable material derived from mica
as compared to montmorillonites from bentonites.

FrACTIONATION OF THE SAMPLE COMPOSED OF MIXTURE OF TYPES

Sample 29, indicated as a mixture of the Wyoming- and Cheto-type
montmorillonite was fractionated by centrifuging a dilute suspension of
the minus 2 micron component into the fractions containing particles of
2—1 microns and minus 1 micron. It can be seen from Fig. 28 that the finer
fraction gave high temperature phase characteristics of the Wyoming-
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type, whereas the coarser fraction exhibited such characteristics of the
Cheto-type. It may be concluded that in this sample at least the mixture
is one of discrete particles. Also, as expected, the Wyoming-type dis-
persed into smaller particles than did the Cheto-type montmorillonite.

DiscussioN

The present investigation indicates that dioctahedral montmorillonites
do not form a single continuous isomorphic series. Two different alumi-
nous types have been found, Cheto- and Wyoming-types, which differ
primarily in the population of the octahedral layer; notably in the rela-
tively higher amount of magnesium in the Cheto samples.

It is noteworthy that the addition of magnesium to the Wyoming-type
montmorillonite does not cause the development of high temperature
phases characteristic of the Cheto-type (unpublished data). Also repeated
leaching of the samples with HCl in order to remove most of the octa-
hedral cations did not change the high temperature reactions of either
type. It seems, therefore, that there are structural as well as composi-
tional differences between the two types. The analytical data suggest that
these differences are as follows:

The Cheto-type has relatively more substitution of aluminum by mag-
nesium in the octahedral layer causing a greater charge on the lattice.
Further, the replacements are relatively more regular, i.e. the position of
the magnesiums is in a fairly definite pattern in the Cheto-type. If the
magnesiums were randomly distributed, the particles would have some
Mg-rich areas as well as some Mg-poor areas. Therefore, they would have
high-temperature phases of both types; indeed, this never happens with
properly sized and purified fractions. Also it is thought that some (prob-
ably a small number) of the silica tetrahedra are inverted in the Cheto-
type. There does not seem to be a difference in the population of the tetra-
hedral positions in the two types.

Figure 29 shows an ideal arrangement of octahedral cations with one
fourth of the aluminums replaced by magnesium. This is close to the
average Cheto-type composition and it seems reasonable to think that
this type of montmorillonite has the magnesiums arranged in such a
pattern. Considering this pattern the typical properties of the Cheto-
type montmorillonite can be explained. Thus, the exchange sites being on
a hexagonal net, the same kind of symmetry can be expected in the stack-
ing of the elementary silica layers. Some of the exchangeable cations can
also act as bonds between the layers. The net result of these factors would
be the larger particles characteristic of the Cheto-type, the more difficult
complete dispersion, and the development of a mica-like structure follow-
ing potassium treatment. On the contrary, in the Wyoming-type mont-
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F16. 29. Probable arrangement of octahedral cations in Cheto-type montmorillonite,
showing suggested hexagonal arrangement of exchange sites. Large circles—Mg, small
circles—Al

morillonite, the exchange sites are randomly distributed, and no regular
stacking and bonding of the silicate layers is to be expected. As a con-
sequence, hydration and dispersion of the individual layers is relatively
very easy.

The Cheto-type shows a greater loss of water in the 100-500° C. tem-
perature interval which can be accounted for by some inversion of the
silica tetrahedra. The hydroxyls of the exposed tips of the tetrahedra
would probably be lost within this temperature interval.

No specific explanation can be offered for the variation in the dehy-
droxylation characteristics, i.e. dual versus single endothermic peak ac-
companying the reaction and the variation in intensity of the reaction.
Samples with higher iron and magnesium contents have reactions of
lesser intensity, so that variations in composition are a factor but struc-
tural attributes also are probably important. Tt seems likely that a dual
peak means some sort of mixing of layers.

The intensities of the (001) reflections do not change on dehydroxyla-
tion of the Cheto-type samples whereas the relative intensities of these
reflections do change for the Wyoming-type. It would seem likely that
there would be less structural adjustment in the better crystallized
Cheto-type with its regularity of substitution in the octahedral positions
and hence less change in the intensity of the basal reflections accompany-
ing the loss of hydroxyls.

The endothermic peak at about 900° C. varies in intensity and over a
considerable temperature interval and is probably a matter of the
abruptness of the loss of the montmorillonite structure causing it. For
the Cheto-type the reaction is generally relatively intense in accordance
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with the better crystallinity and hence the probable more abrupt loss of
structure. The reaction for the Wyoming-type may be large or small,
probably due to small variations in crystallinity and probably also to
variations in composition. The intensity of the reaction decreases as the
iron content increases, and in very iron-rich samples it is about absent.
The presence of iron thus favors a gradual loss of the montmorillonite
structure.

Electron micrographs show that the loss of the diffraction character-
istics at about 900° C. is not accompanied by the complete loss of the ex-
ternal morphology, i.e. the flake shape of the units is still preserved.
Data are not unequivocal, but the external form seems to be better pre-
served in the Cheto type than in the Wyoming-type montmorillonite.
The reaction cannot be a complete structural breakdown but rather
one in which the layer character is retained probably with lack of stacking
order and some distortion in the a and & direction.

The formation of beta quartz from the Cheto-type probably involves
whole reorganization of adjacent tetrahedral layers. It is thought that the
presence of some inverted tetrahedra would favor the formation of this
quartz phase which is not in the temperature domain of the formation of
beta quartz as indicated in silica equilibrium diagrams. The postulated
absence of inverted silica in Wyoming-type would explain the absence of
a quartz phase from these montmorillonites (it has been pointed out that
there is no difference in the composition of the tetrahedral positions in the
two types). The differences in the temperature interval for various Cheto-
type samples between the loss of montmorillonite diffraction and the
formation of beta quartz and the variation in the intensity of the reac-
tion accompanying the formation of quartz may be explained by varia-
tions in the amount of inverted tetrahedra and the consequent variation
in the ease of formation of beta quartz.

The Wyoming-type montmorillonite shows a long temperature interval
between the loss of montmorillonite diffraction and the formation of any
high temperature phase. The absence of any inverted tetrahedra makes
difficult the development of new phases. Cristobalite appears at a lower
temperature in the Cheto- as compared to the Wyoming-type samples.
That is, it appears at a lower temperature when formed by the inversion
of beta quartz than when it develops directly from the silica of the mont-
morillonite structure.

At about 1200° C. mullite forms from the Wyoming-type samples.
This phase does not form from the Cheto-type mineral as apparently
magnesium in amounts in excess of about 1-29, MgO prevent the forma-
tion of mullite. Also, in the iron-rich samples, mullite does not appear so
that small amounts of iron also block the formation of mullite. The
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mullite that does form from the Wyoming-type montmorillonite prob-
ably is not pure aluminum silicate as the lattice parameters are slightly
different from published values of pure material—in many instances it
probably has about all the impurities that the structure will tolerate.

The intense exothermic peak shown on the differential thermal curves
of the Wyoming-type samples at about 1000° C. is not accompanied by
any crystalline phase detectable by z-ray diffraction. This reaction is
interpreted as a consequence of a shift in bonding within the structure
probably from face sharing octahedral units of dehydrated montmoril-
lonite to the more stable edge sharing units which prevail in the high
temperature structures that may form. This bonding shift is but one step
in the development of new high temperature phases. A second step is the
migration of cations into proper positions on a scale leading to crystal
growth of a size detectable by x-rays. Higher temperature (about 1200°
C.) is required to provide sufficient mobility of the cations so that this
growth can take place. This second step may never take place if the
composition is not proper for the specific network to form or if cations
are present which block the growth or break up the network at relatively
low temperatures. The potassium ion for example substantially inhibits
the formation of any high temperature phase from the montmorillonite
minerals (Kulbicki and Grim, 1957).

The phases that form at temperatures below about 1200° C., i.e. the
beta quartz and cristobalite from it, form at this relatively low tempera-
ture because of their structural relation to the silica part of the mont-
morillonite structure. The first or nucleation stage of phases that appear
prominently above about 1200° C. is closely dependent on the structure
of the original mineral. Thus the arrangement of the magnesiums in the
octahedral layer of the Cheto-type is such that the nucleation of cordier-
ite is favored. The development of the high temperature phases beyond
the nucleation stage is determined largely by the bulk composition of the
material.

The presence of cristobalite in the unfired clay has no effect on the
formation of high temperature cristobalite. This indicates that the new
cristobalite is formed directly from montmorillonite rather than by a
complete breakdown of a montmorillonite structure and then a regroup-
ing around the primary cristobalite. That is, the formation of the new
cristobalite is a solid state reaction from the montmorillonite.

The miscellaneous types of aluminous montmorillonites differ from the
Wyoming-type only in the formation of a small amount of beta quartz.
This can be explained by a varying small amount of inversion of the silica
tetrahedra in these samples.

Nontronite and the very iron-rich montmorillonites only yield a silica
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phase (cristoballite) at elevated temperatures. Iron apparently in sub-
stantial amounts blocks the development of any other crystalline phase.
For the trioctahedral magnesium-rich montmorillonites and talc,
enstatite develops before the montmorillonite structure is completely
lost and without any accompanying thermal reaction. This suggests a
gradual breakdown of the structure of the original mineral with gradual
growth from the debris of the enstatite-—unlike the solid state reactions
for the dioctahedral forms. In some cases, cristoballite develops at very
high temperatures from the left over silica. The reason for the develop-
ment of little or no cristoballite in some cases (hectorite) and much for
other minerals (saponite) is not clear. The elongate structure of the hecto-
rite as compared to the flake-shape of the saponite may be significant.
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