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ABSTRACT

K-bentonites are the altered remhants of Paleozolc
volcanic ash deposits found throughout much of the eastern
United States. The present study 1s concerned with
deposits occuring in rocks of middle Ordovicilan age
in southern Ohlo and central and northern KXKentucky.

Here, two promlnent horizons are noted which appear equiva-
lent to more numerous zones 1in rocks of the same age further
to the east, As volcanlc ash falls represent essentlally

an instant in geologic time it 1s deslrable to find out

what correlation parameters are present in them that can
increase thelr usefulness in long range stratigraphlic work,

In addition 1little 1s known about the nature of the
K-bentonites themselves, except that they are composed
predominantly of a mixed-layer, dloctahedral, 1illite-
montmorillonite clay with minor amounts of volcanlc minerals,
Further information relating to the source of these deposits
1s also deslired for purposes of more clearly outlining the
paleogeographic setting of this reglon during the middle
Ordovician,

The present study shows the clay portion of the beds
to be composed of a randomly interstratified mixed-layer
clay resulting from the adsorption of potassium by a 2:1
montmorillonite~type lattlce during the early stages of
ash devitrification, The resultant collapse of 60-~709 of

the swellable layers produced a mixture of mica-like
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structures and expandable montmorilillonite layers which
cannot be separated by mechanical methods. Anomalous base
exchange data plus additional thermal and electron micro-
scope data are best accounted for by assuming high octa-
hedral substitutlion and low tetrahedral substitutlion in
the basic lattlice. C(oupled with a recent re-definition
of the controlling factors in the fundamental mica stage
in a dlagenetic continuum between montmorillonite and
1llite, but rather are confined to a narrow range of
compositlion between but separate from them, Accordingly,
1t 1s proposed that any general structural-chemical
classification of clay minerals should provide separate
status for this particular type of clay.

Insoluble reslidue studies show a rapld decrease
in volcanic constituents within limestones adjacent to
K-bentonite zcocnes. The accumulatlion of chert above and
below the zones 1s attributed to the release of slllca
during post-depositilonal devitrification.,

Concentrated blotite within the uppermost horilzon
studled serves as the only indilgenous parameter so far
avallable for directly correlating any of the K-bentonilte
zones, It is suggested that quantitative trace element
work holds the most promise in this respect.

X-ray fluorescence analysis of titanium in the
high biotite horizon shows an increasing trend in concentra-
tion toward the south and 1s correlated with previous interpre-

tations of a #outheasterly source for the original volcanic
material,
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INTRODUCTION

Altered volcanic ash or bentonite 1s commonly vecog-
nized throughout the western United States in rocks of
Cretaceous and Tertlary age. The primary component in these
deposlits 1s montmorillonitic clay with attendant minor amounts
of volcanic glass shards and numerous heavy mlnerals commonly
assoclated wlth rocks of volcanic origin, Beds of similar
appearance are reported in rocks of Ordoviclan, Sllurlan,
Devonlan, and Pennsylvanian age. Ross (1928) 1lists the
criteria for recognition of these older beds as, "presence
of glass relict structure, presence of milnerals and crystal
forms characteristlic of volcanic rocks, absence of minerals
that do not have a volcanlc origin in the same specilmen,
waxy luster, slaking reaction to water, and certain optical
and chemlcal properties."” '

Paleozolc volcanlc ash beds east of the Mississlippl
River were first described by Ulrich in 1888 and then ex-
amined in more detall later by Nelson (1922), especlally
in Tennessee, Kentucky, and Alabama, Nelson estimated
that the bentonite horizon at the top of the Carters lime-
stone of Lowville age extended over a three hundred thousand
square mlle area representing deposition that was essentlally
instantaneous 1in geologic time, thus pro&iding ldeally a
time-stratigraphic marker more accurate than any faunal

zone, Nelson cited the northernmost extent of the bentonite
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as Highbrldge, Kentucky, but suggested that further work
might reveal 1ts presence 1n Ohio and Indlana,

Later investigation by Bonnle and Honess (1929),
Rosenkrans (1933), and Kay (1931, 1935) substantiated the
existence of several ash beds within the same general
stratigraphic interval in southern and western New York,
southern Ontario, Vermont, Pennsylvania, Virginla, and
Georgla, while Allen (1932) and Sardeson (1924) descrilbed
Lowville bentonite from Iowa, Missourl, Wlsconsin, and
Minnesota, Ross (1955) and Allen (1932) further suggested the
same beds mlght be found in Michigan, Oklahoma, Arkansas,
Louisiang and Florlda, in vliew of the wldespread distribu-
tlion of mlddle Ordoviclan llmestone and the conditions
necessary for preservation of filnely divided volcanic ash,

Initlal chemlical, X-ray, and optical analyses made
by Kerr (personal communication in Ross, 1928) and later by
Ross and Hend#icks (1945) established the presence of clay
minerals of the montmorillonite group, namely montmorillonite,
beidellite, and "probably a third unnamed clay mineral" rich
In potash, with ﬁontmorillonite being the dominant conétituent.
Subsequent study by Bradley (1945) suggested the unexplained
clay mineral mentloned by Ross was easily accounted for ir
the entire clay component of the bentonlte was consldered in
terms of a randomly interstratified, dioctahedral "illite'-

montmorillonite structure with non-expandable "1llitd'form1ng
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the major portion. This differs significantly from those
bentonites of Cretaceous and Tertiary age in the western
United States which are entirely montmorillonitic in nature.
A concluding suggestion was made by Bradley (1945) that some
sort of diagenetic adsorption of non-exchangeable potassium
in the interlayer position of the clay lattlice would cause
a collapse of the swellable layers in a non-uniform or ran-
dom sequence resulting in an "illite'-type structure inter-
layered with expandable montmorillonite layers. This type
of cation "fixation' would probably be a secondary feature
in the devitrification process undergone by the volcanic ash
slnce conslderation of the ionic potentials of calcium and
potassium would require the preferential adsorption of cal-
cium in a carbonate environment. However, with a sufficient
concentration of potassium a reverse replacement could occur.
Ross (1928) realized that several Ordovician bentonites
in Virginla had indeed undergone slight metamorphism subse-
quent to deposition, and so proposed the term "metabentonite”
to distingulsh those beds where additional combaction and
alteration along bedding planes had occured, Supposedly, the
less competent bentonite zones had served as "lubricatton"
planes during periods of foldling and 1ow—gradé metamorphiém
towad the end o the Paleozolc., Unfortunately, although "meta-
bentonite" was intended to @pply mly to these wique clrcumstances
(personal 60mmun10ation, 1962), it nevertheless has been widely
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adapted in the literature as a name for any occurence of
potassium-rich altered volcenic ash,

Recently Weaver (1953) has re-examined samples of
Ordovician bentonite and associated 1limestones in Pennaylvania
in the light of modern knowledge and techniques and has pro-
duced constructive suggestions regarding the structure and forma-
tive processes of Paleozoic bentonites. He points out that the
collapse of expandable montmorillonite layers due to inter-
layer adsorption of potassium accounts for what many earlier
workers had misconstrued as metamorphism and that consequently
the term "metabentonite" should be abandoned in the literature
in favor of "K-bentonite" or "potassium bentonite." Using
recent experimental data Weaver calculates the ratio of
"1111te" to montmorillonite-type structural layers at approxi-

mately L :1.

Purpose
The present study was undertaken to investigate the
occurence of middle Ordovician K-bentonite in southwestern
Ohio and northern and central Kentucky with the following
objectives in mind:
l. To determine what chemical and physical
properties of either the bentonite clays
or their related minerals could be usefully

employed as stratigraphic parameters for medium

or long-range correlation,
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2. To investigate the bentonitic clays for
structural features that might add further
to the present knowledge of clay mineral
types,

3. To initiate further study relating to the
problem of the origin of Ordovician esh
beds in terms of source area and in terms
of post-depositional physical and chemical

changes,
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GEOLOGY OF K-BENTONITE IN THE AREA OF STUDY

The areal distribution of sample localities 1is shown
in figure 1, With the exception of the collection sites
south of Lexington, Kentucky, and those at Frankfort, Kentucky,
all specimens were obtained from recently drilled cores.

The sorption properties of montmorillonite render bentonites
highly susceptible to ground and surface water contamination
making fresh core samples preferable to those collected from
outcrops. Exposures in recent road cuts, new quarries and
the like, however, often prove adequate,

The K-bentonites vary from % ilnch to 32 inches in
thickness but average about 6 to 8 inches., Although the
lateral extent of upper Black River K-bentonites has not been
delineated in the eastern 1nterior; investigations of fresh
drill cores from northern and central Indlana and discussions
with gas and oil company employees suggest that the K-bentonite
horizons in this stratigraphic range become much thinner in
south-central Indiana and are absent west of Bloomington,
Similarly they are absent north of Fort Wayne and are unknown
in the Michigan Basin, '

Lithologicélly, K-bentonite consists predominantly of
very fine-grained clay~matrix which in fresh samples is hard,
blocky, and often breaks with a conchoidal fracture, Occaailonally,
a crude stratification is produced by bands of concentrated

biotite and other heavy minerals., K-bentonite varies 1n color
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Figure 1. MNap showing distribution of .sample localities
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from a dark grayish green through greenish gray to light
gray and even a light tan in some instances. Horizontal
color zonation does ocour within one partiocular horigzon of
K-bentonite but forms no oonsi:ton% pattern that is every-
where recognizable. An X-ray fluorescence spobtrography»
study shows that the dark green clays have a higher iron
content than the lighter colored ones .,

Stratigraphy

Two prominent bentonitic horigons are recogniszed in
outcrop'and in the subsurface near the contact between
middle Ordoviclan rocks of Trenton and Black River age
throughout much of the eastern midcontinent. Figure 2 shows
diagrammatically the lateral relatliouships of these rocks
in the study area. The upper Black River Tyrone (upper
Lowville) limestone in central Kentudky and southwestern
Ohio 18 a massively bedded, denic, fine~-gralined, dove-~ or
cream~colored, sub-lithographic, limestone with small nodes
of coarsely orystalline "birdseye"” calcite., Its total thiok-
ness is about 85 feet, on weathoiing the surface turns
white, in which the darker nodes are conspicuous, giving rise
to the name "birdseye"” limestone. Figure 3 is a columnar

sectlion or‘middle Ordovician rocks in Kentuocky, after MacParlan

(1943).
) " Rare recognizable fossils in the Tyrone, listed by
MacFarlan (1943), include "Stro na” inourvata, "Orthis”

tricenaria, Rhinidiotys nicholsoni, Phyllodictya fromdiosa,
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Figure 3, Middle Ordovician seoction in centrgl Knptucky.
(after MacFarlan, 1943)
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Escharopora ramosa, Leperdltla fabulltes, Tetradlum cellulosum,

and the cephalopods Endoceras, Actinoceras, and Cameroceras,

Within the upper five feet of the Tyrone lies a fairly
persistent K-bentonite horizon ("Mud Cave") varying from 32
inches thick in central Kentucky'to about 6 inches in south-
western Ohio. This horizon 1s exposed 1n a rallroad cut at
the A.P.I. Project 49 reference locality (Kerr, et al, 1951)
south of Highbridge, Kentucky, and in numerous other railroad
cuts in that vicinity. Thilckness data should be taken with
some cautlon however, since local concentrations and attenua-
tions, presumably a result of current action followlng depo-
sition, are common, For instance the 21 inch K-bentonite
(KR-4) at the top of the Tyrone at Lambert Bros,., Quarry near
Athens, Kentucky, (Fayette Co,) is absent entirely in an
abandoned quarry at Camp Nelson, Kentucky, only to reappear
agaln in its thickest outcrop at Highbridge (KR-10).

A second promlinent K-bentonite found 15 to 20 feet
below the top of the Tyrone is known as the "Pencll Cave" in
central and western Kentucky and serves as a'consistent |
marker horizon for drillers 1in that are. This bentonlite was
described by Ulrich (1888) and Nelson (1922) and is generally
correlated on the basis of stratigraphic position with a
similar zone at the top of te Carters limestone in Tennessee,

Above the Tyrone limestone in Kentucky lies the Curds-
ville limestone (figure 3) whose coaréely crystalline texture,

medium to heavy bedding, and locally abundant chert
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stand in marked contrast to the rocks below, Thickness 1s
about 20 feet., Characteristic fauna include "Orthis"
tricenaria, "Dinorthis" pectinella, Rhynchotrema subtrigonale,
"Streptelasma” jrofundum, and "Sowerbyella" curdsvillensis.

A simllar seqﬁenoe is recogniéed in the bisal Hermitage

(middle Ordovician) of central Tennessee (MacFarlan, 1943),

The relationship between the Curdsville and Tyrone,
however, is not always obvious, MacFarlan (19&3) reports a
local basal “conglomerate” in the Curdsville incorporating
Tyrone fragménts while 1n'other places, both outerop and
drill cores, the contact appears to be a gradational one.,

Several K-bentonite horizons are known in lower Trenton
rocks in Pennsylvania and New York (Weaver, 1953; Kay, 1935)
but are virtually unknown in Kentucky and Ohio, quwg (1940)
has reported one horizon abouf 25 feet above the top of'the
Tyrone in the upper Gurdsaville, but this was not sampled in
the present study.

A tendency to recognize only one K;bentonite zone at
any particular stratigraphic horizon haé led to extremes in
long-range correlation (Kay, 1931), However, as interest in
the stratigraphie value of K-bentonite was aroused and more
flield studlies were made, 1t became increasingly evident that
such horizons were more numerous than had originally been
observed, Recent studies show 16 K-bentonites in ¢the middle
Ordovician of central Pennsylvania.(Weaver, 1953), and similar

multiple zones within the same stratigraphio interval in
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Tennessee (Caldwell, 1936), New York, and Ontario (Kay,
1935). |

The occurence of upper Black River K-bentonites in
the subsurface of the Cincinnati region prbvideu an interese-
tng opportunity to study the various properties of two
distinect horizons whose stratigraphic separation over a
distance of 100 miles or more appears sufficiently consistent
to provide reasonable confidence in selecting isolated samples
from the same layer, This same stratigraphic section in
Pennsylvania and New York is characterized by numerous
K-bentonite zones whose correlation even over short distances
presents many problems, The same seems to be true for the
Tennessee section. It would be hoped then, that information
gained from these studies could be applied to the more complex
situations to the east and possibly enhance their value as
stratigraphic markers,

Correlation by K-~bentonite in Ordovician rocks has in
the past been based primarily on “megascopic¥features
(Whitcomb, 1932) such as number of bentonites found in a
single formation, distance between beds or distance of beds
above or below some surface, thickness of individual beds of
bentonite, relationship to known faunal zones, and presence
of adjacent rock strata a-typical of the section, However,
these are found to be lnadequate oriteria for acocurate identi-
fication of individual beds, and so an attempt must be made

to search for new and more definitive parameters,
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EXPERIMENTAL DATA

Structural Features As Revealed X-1x Analysis

X~-ray dirrracéion and fluorescence spestrography
serve as invaluable tools in analyzing and interpreting
variations in the atomic geometries that characterize variouvs
minerals having a common structural and chemical foundation,
The principles of X-ray diffraction and its application to
crystal structure analysis are well outlined in the literature
(Sproull, 1946; Buerger, 1958) and will not be given more
than a cursory treatment here;

In ordinary diffraction work, mineral specimens are
ground into a fine powder and mixed with an adhesive, usually
a quick-drying household cement, and placed on a glass slide.
The accuracy of diffraction maxima here depends primarily
upon the degree to which random orientation of individual
particles of sample in the path of the X-ray beam 1is achleved,
If these particles are not so oriented, then preferential
intensity of reflections will ocour for those particles having
a sub-parallel alignment and intensities of maxima will not
be strictly related to the true structural properties of the
sample,

Clay minerals present just such a problem, The pro-
nounced basal cleavage of the layer-lattice silicates results
in a plate-~like form for even the smallest clay particles, and

attempts to prepare even a moderately randomally oriented
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specimen entail great difficulty (Grim, 1953)., Consequently,
use 1s made of the alignment tendencies of clays by preparing
oriented aggregates (Bradley, 1945), This method substan-
tially enhances the intensities of the basal (00{) reflections
at the expense of the non-basal peaks, As might be imagdned,
there are both advantages and dlsadvantages inherent in this
procedure, However, it does provide a workable, useful, and
most importantly, a reproducible method for clay mineral
analysis, One will find that the classifications of micas
and clay minerals are based upon information provided by

the various sequences of basal reflections obtained from them,

Classification of Clay Minerals

Clay nineraia are hydrous layer-lattice sllicates
belonging to the general subgroup of phyllosilicates., In
most works on sedimentary petrography the term "clay" is
used to define particles less than 1/256 mm in diameter or
approximately less than four miocrons, However, when it is
considered that the micas and clays are inseparably linked
by common structures and chemlstry, it can be seen that no
such division on the basis of particle size alone is adequate,
Mica flakes may occur in very large plates or as “olay size"”
particles intermixed with hydromicas and montmoriilonite. '
One need only study the weathering history of muscovite or
biotite to realize this is so,

Historically, classifications of clays have been based
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upon structure, particle size, composition and physical
properties such as water sorption, morphology, and com-
presslonal strength., Common practlce among mineraloglsts
today 1s to maintaln a balance between structural and
compositional aspects of clays with initial subdivision
being based on the major structural differences, and only
secondarily upon compositional variations.

One of the most significant contributions to the
understanding of the structure of layer sillicates was
produced by Pauling (1930) in his analysis and derivation
of the mica structure., Subsequent detalls which serve to
further separate the numerous groups are reviewed and dils-
cussed by Grim (1953), Brown (1961), Brindley (1955),

Weaver (1953), and Warshaw and Roy (1961).

The fundamental structural units of the layer-lattice
silicates consist of a sheet of S1i0y tetrahedra (fig. 4)
interlayered in varilous proportions with sheets of brucite,
Mg(OH)p, or glbbsite, A1(OH)3. Figure 4 1llustrates the
c-axis geometry of these units, The S1-0 atoms are linked
in tetrahedral coordination and the Mg'® and Al atoms are
in octahedral coordination, A1t3 atoms usually occupy a
dloctahedral arrangement, that is, two out of the three
possfble cation sltes in a structural repeat unit are filled,
whereas Mg+2 commonly fi1lls all three and hence 1is sald to
be in trioctahedral coordination,

The kaolin group 1ls characterized by a 1l:1 combilnation

of S1-0 and Al-OH layers, S1-0 tetrahedra are arranged such
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Criteria For Recognition of K-bentonite by X-Ray Diffrgction

Meniomineralic elays pioduce a series of basal reflec-
tions in a definite integral: sequence that is characteristic
for each clay mineral type. As an exsmple, "illite"” has a
prominent (001) peak at 10A, (002) at 10/2 or 58, (003) at
10/3 or 3.3k, (004) at 10/4 or 2,5A, (005) at 10/5 or 2R,
and so on. These reflections are a function of the interw
planar distance d and do not ordinarily vary for each
particular clay type. Kasolinite (table 2) has a diagnostic
sequence starting from 7K and chlorite a series beginning at
lhi. Since the (002) refleoction for ohlorite falls at 14/2
or 7K,the same as (061) for kaolinite, certain interpreta-
tive problems arise which are best solved by instituting a
series of chemical and heat treatments whose reactlions
depend upon basic compositional and structural differences
between the two clays (Warshaw and Roy, 1961).

In addition to the standard clay mineral groups, there
exist cer+sin mixed=layer structures which possess characteris-
tics common to two or three separate clay specéies, Hendricks
and Teller (1942) and Bradley (1945) describe the possible
cembinations that might exist. Generally all 2:1 clays may
be thought of as essentially the same kind of structural
siwet with different interlayer spacings being determined by
the cations present in the exchange position, e.g., Kfi

"11lite”, (Mg,Al) (OH), = ohlorite, Cs'" , Na', Mg'’, and

Hy0 3. montnotillonite and vermiculite, Ip the case of the
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non-mixed-=layer clays, all exchange sites will be occupiled

by the same type of cation, However, if socme layers oontaln

K" ("1111te") and others contain Ca'* and Hy0 (montmerillenite),
a mixed layer structure is formed., Many mixed-layer olays
exist and have been reported in the literature (Weaver, 1956).
Common ones include 1llite-montmorillonite, 1111tc-ohlor1te,‘
chlorite-montmorillonite, chlorite~vermiculite, and illite-

chlorite-montmorillionite,

Table 2, Diffractometer Spacings for Kaolinite, Illite, and

Chlorite.

Kaolinite Illite Chlorite

: o [~

ak Irel A I, A Ire
7.14 100 10.0 100 14,1-14,7 TO=40
L, 4l 22 a@ﬁe 36 T7.07-7.14 90
4,34 28 h iy =22 4 72 70
4,16 32 3.66 28 4,59 10
4,12 29 3.51 33 3.34 10-90
3.83 16 3.30 47 2,84 25-50
3.72 15 3.19 37
3.57 73
3.37 16

(Kerr,et al, 1951) (Kerr, et al, 1951) (Brown, 1961)

Béisal reflections from mixed-layer clays produce
anomaloﬁs patterns which for some time constituted a major
enigma among clay mineralogists. However, the work of
Hendricks and Teller (1942) and Bradley (1945) showed that

mixed-layer structures were easlly interpreted in terms of
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thelr "end member'" components and that many new mineral
names which had been used to described these structures
were not warranted.,

Two kinds of mixed-layer structures occur 1ln sedl-
mentary rocks, those composed of regularly interstratifled
clays which produce basal reflections 1n an integral sequence
and those composed of randomly interstratified layers pro-
ducing a non-integral serles. In both cases the (OOf) values
are averages resulting from the combined reflectlons of the
two end members, Since both layers produce scattering, the
resultant maxima have positions intermediate between those
normally characteristic of the different types and at a
polnt that is proportional to the percentage composition of
each, Actually, the position of the basal reflections is
slightly more complicated by structure and polarization fac-
tors of the minerals as discussed by Bradley (1945),
Hendricks and Teller(1942), and MacEwan, Amil and Brown (1961)
in thelr development of the theoretical basis for the inter-
pretation of interstratifled clay minerals,

For both muscovite and "illite" a moderately high
degree of A1*3 for Si*“‘ substlitution in the tetrahedral layer

produces a strong resildual charge on the lnterlayer surface,
Fotassium satlisfles a major portion of thls charge by filling
the interlayer sites and thus prevents any expansion through
the addition of water, Dioctahedral montmorillonites fir the

most part have a much weaker axface charge density generated ky
replacements takling place principally within the octahedral layer,
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Foster (1953) and Weaver (1958) point out a very important
and fundamental difference between true montmorillonites anad
those dioctahedral 2:1 expandable clays derived from musoovite
by the removal of interlayer potassium during weathering.
Essentially, it is a difference between a greater tetrahedral
substitution in micas and greater octahedral substitution
in montmorillonites, True montmorillonites in this case
refer to those 2:1 expandable clays derived from the break-
down of volcanic material or by other means and not simply
degraded micas which have lost a portion of the binding
interlayer cation population., Thus the seat of residual
negative charge lies within the octahedral layer in the
first case and within the adjacent tetrahedral layers in
the second, This fosters a higher surface charge density
for micas than for true montmorillonites and in part controls
the degree to which interlayer cation adsorption takes place,
Oriented K~bentonite clay samples were run on a
General Electric'x-RD-S diffractometer with nickel-filtered
CuKa (A= 1.54050 R) radiation. The copper X-ray tube was
opérated at 40 kv and 16 ma with a function of Xl and a 2
second time constant for the flow proportional counter,
Chart speed was 2° per minute with linear scale recording.
The beam s8lit was set at 3°, the soller slit on medium
resolution, and the detector slit at 0,05°MR., Low angle
reflections were either rerun at a 0,29 per minute slow

scan or were measured by averaging a series of scaler counts
over the peak.
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The (001) reflections of 47 untreated samples of
K-bentonite vary between 10.93 and 12.23 with the majority
falling near 11.1A (teble 3). Similarly, (002) and (003)
peaks fall in a non-integral series near 5.053'and 3.29 K
respectively. In all cases the first order reflections are
the most 1ntenaé, sometimes to the practical exclusion of
succeeding peaks, The position of the (060) reflection at
1.503 indicates a dioctahedral arrangement of octahedral
cationa (Weaver, 1953), Variations in degree of crystal-
linity are revealed through slight broadenings and sharpenings
of the (00l1) peak, but in general, diffraction peak shapes
suggest an abundance of well - formed structures.

The suggestion was made by R. E., Grim (personal
communication, 1962) that possibly the mixed layering
observed by previous investigators in Ordovician K-bentonites
might be in fact a mechanical mixture of monomineralic
packets, as are found in some soils, rather than a structural
interlayering.

If this were tre case, several things should be ob-
served, First of all, although basal diffraction maxima of
untreated samples might not reflect the true nature of the
mixture, it should be theoretically possible to separate
the constituents by physical means and to identify t:hem by
X6ray methods, Secondly, it is well known that saturation

of montmorillonite with ethylene glycol, a polar organic

liquid, produces maximum expansion of the layers without
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Table 3. Table of (001) values for Cation Treated K-bentonites

Sample No, Untr, k" Na'© NHy" cat?
KB-1AT 11.1 10.6 11.2 10.8 12.1
KB-1A 11,2 10.9 11.2 11,1 12.1
KB-1B§ 11.2 11,0 11.2 10.9 11.6
KB-1BM 11.0 10.5 11,2 10, 11.3
KB-1RB 11,0 10.6 11.2 10, 12.1
KB-1CT 11.0 10, 10.9 10.8 12,1
KB-ICB 10.9 10. 11.0 10.9 1200
KB-1D 11.0 10.9 11.1 11,0 12,0
KB-1ET 11.1 11.0 11.1 10. 12.0
KB-1EM 11,2 10.8 11.1 10, 11.7
KB-1EB 11,0 10.6 10.9 10.8 11.9
KB-1F. 11.0 10,6 11.0 10.9 11.9
KB-1G 11.0 10.9 11.2 10.9 12,0
KB-1H 11.0 10.9 11.0 10.9 11.9
KB-1I 11.0 10.8 11,2 10. 11.9
KB-2B 11.0 10, 11,0 10, 12,0
KB-2D 11.0 10.8 10.9 10.9 11.8
KB-2ET 11.1 10.8 10.9 10, 11.8
KB~2EM 11.0 10.8 10.9 10. 11,
KB-2EB 11.0 10,6 11.0 10. 11,
KB-2F 10.9 10.8 11.1 10, 11.
KB-2QT 11.0 10.7 11.1 10.9 11,
KB-2GM 11,1 10,9 11,0 10.8 11,
KB-2GB 11.1 10,7 11.1 10. 11,
KB-2H. 11,0 10.6 11,2 10.8 11.9
KB-21 11.1 10.8 11.2 10. 11.9
KB-3B 11.0 10,6 11,0 10, 11.4
KB-3G 11.1 10. 11.1 10, 12.0
KB-3E 11.2 10, 10.9 10. 11.6
KB-3FT 11.1 10.7 11.3 10.8 11.7
KB-3FB 10.9 10,7 11.0 10.8 12.0
KB-3G 11.1 10'8 11.1 10.9 12,0
KB-zH 11.1 10 11.2 10.9 11.9

11.0 10.8 11.1 10.9 11.7
KR-9T 11.9 11.2 12,1 11.1 12,5
KR-9B 12.1 11.2 11.3 11.1 12.3
KR-9-2 12,2 11.1 11.7 11.0 12,1
KR-9-3 12,2 11,1 11.5 11,2 12.3
KR-10 11.7 11.2 11.7 11,2 12.3
KR-11 11.9 11.2 12,0 11,1 12,0
KR"lﬁ 11.2 11.1 11.“ 1101 1201
KR-147 11.5 11,2 11.9 10.9 12,3
KR-14M 11.5 11,1 11.6 10.9 12,1
KR-14B 11,2 11,2 11.6 11.0 12.1
KR-15 11.6 11.4 11.5 11.2 12.1
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adverse chemical effects, So the glycolation of K-bentonite
should expand the montmorillonitic packets to the point
where (001) reflections for the swellable and non-swellable
portions are separated and become recognizable, Thirdly,
electron micrographs might be expected to show two distinct
types of morphology since "illite" normally has a more
clearly defined outline than montmorillonite (Kerr, et al.,
1951).

Ultracetitrifuge separations of suspended clay
particles less than four microns in size were made to study
what variations might exist in the range of particle sizes.
A Sorvall superspeed continuous flow centrifuge employing
the unique Szent-Gyorkyl and Blum continuous flow system,
which permits separatory epeeds as high as 17,000 rpm was
used, Under a constant head, gravity flow feed introduced
suspended clay, which had previously undergone % hour
disaggregation by ultrasonlic vibration, into the centrifuge
rotor inlet, and selective 200 ml samples weire extracted
of the effluent material at various rpm intervals, No
attempt was made to standardize the density of the original
suspension since only relative comparisons were desired.
Similarly, the average effective spherical density repre-
sented at each sampling speed was not determined since
elaborate analysis, unnecessary in this case, would be

required,

Diffraction patterns of the first order basal
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reflections of samples extracted at arbitrary periods shows
no tendency toward subdivision into two distinct maxima
(fig. 6). Nor is there any substantial shift in peak
position to suggest a change in the relative proportions
of the different structural layers. Although particle
sizes represented by these patterns were not accurately
measured it can be safely assumed that at speeds around
12,000 rpm those particles which do remain after centri-
fugation are in the range of 1/8 to 1/2 micron, As will
be seen from electron micrographs this appears to include
most of the finest particles present.,

It 18 interesting to note that concomitant with
decrease in particle size there 1s an increase in the
intensity and sharpness of the (001) reflections., Although.
several factors are responsible for peak intensity, the
comparative relationships here would seem to suggest the
smaller particles possess a higher degree of organization
than the larger ones,

Figure 7 illustrates smoothed spectrometer tracings
of several K-bentonite samples of less than 2 micron size
that have been subjected to saturation with ethylene glycol,
Since various amounts of water can be accommodated in
swellable 2:1 clays depending upon the surface charge
density and type of exchange cation present, water is not
a reliable swelling agent to use for tests of maximum
expansion, Ethylene glycol, however, will replace whatever

water 1s present and expand the lattice to a distance, for
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calcium montmorillonites, of approximately 1l7.7 angstroms
(Bardshad, 1950). Hendricks and Teller (1942) and MacEwan,
Amil and Brown (1961) have computed theoretical curves for
random mixtures of 10/12.4K, 10/14.08, 10/15.4&, 10/17.7A,
and 7.1&/10i layers at intervals of 10 per cent. The two
figures in each notation above refer to the (00l) peaks
contributing to the single reflection which 1s observed.
The formula as expressed by Hendricks and Teller calculates
@, the mixing function, which represents the effect of the
mixing of layers on the diffraction intensitiles,

Upon glycolation the (00l1) peaks divide with maxima
appearing at 9.5& and 13.0&. These peaks agalin reflect the
intermediate position of the mixed-layer lattice between
the IOR non-expandable unit and one expanded to 17.5K with
ethylene glycol. However, the position of the 9.53 reflec-
tion does not coincide with a (001)/(001) combination.
Weaver (1953) has suggested that a combination of (001)
for the 103 unit and (002) for the 17.53 unit might better
explain this peak rather than attributing it to the (003)
reflection of a 28.5A spacing (10 18.54) as suggested by
earlier workers, This interpretation is substantiated by
examining the data of MacEwan, Amil and Brown (1961).

Their quantitative data for 10/15.4A and 10/17.5R& combined
reflections give essentially the same percentage values for
(002)/(003) peaks but slightly different for (001)/(001)
peaks, Bradley (personal communication, 1962) suggests
that on the basis of his own work that (001)/(001) S-shaped
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curves should not be given as much reliability as the more
linear (002)/(003) curves, Hence percentage calculations
are made on the basis of the (002)/(003) position where
possible, From this standpoiht the non-expandable to
expandable layer ratio of K-bentonites in this area range
between 3:1 and 3:2, No evidence is detected which would
suggest a consistent vertical or horizontal change for
these values. Upon heating to 550°C for two hours, the
expandable layers collapse to a 1OK spacing as the inter-
layer water is driven off and the sequence of reflectlons
becomes regular, indicating a uniformity of interlayer
separation,

Misinterpretation of the glycolated samples could
quite easlily lead to the conclusion that upon glycolation
the (001) reflections of the mechancially mixed components
were distinctly separated since the (002)/(003) maximum
falls very near the (00l) reflection for the 10A unit,
Careful measuring is needed to distinguish the two,

Discussion of electron microscope results will be
covered in more detall later, but it might be mentioned
here that comparison with published photographs of purified
montmorillonite and "illite" specimens reveals morphologiocal
characteristics that'are rof the most part consistent for
both large (1-2u) and small ( 0.25u) particles, and which
bear a greater resemblence to "illite" than to montmorillonite,

Such is to be expected on the basis of X-ray data.
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Thus the evidence points to an intimate interlayering
of units having characteristics of both "illite" and mont-
morillonite-type clays and not a nechaniéal mixéure of

discrete parcels,
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CATION EXCHANGE AND NATURE OF THE JNTERLAYER CATIONS

The expansion properties of clays are related to a
number of factors both indigenous and inherited as a result
of the geochemical environment in which the clays form,
Barshad (1950) has given as important dterminants (1) the
size of the interlayer cation, (2) the charge of the inter-
layer cation, (3) the total excess negative charge per unit
cell, and (4) the nature of the interlayered substance.
Although he minimizes the effect of particle size, recent
work by Jonas and Roberson (1960) and Jonas (1962) suggests
this factor may play an important role,

It is well known that a sphere with a diameter of
1.35A will just fit into the open hexagonal holes of the
tetrahedral Si-O sheet, Thus, when considering expansion
properties, lonic size must determine largely the number of
water molecules that can be included within the interlaver
area, This factor is mitigated partially by ionic valence
such that divalent cations have generally a higher hydration
capacity than monovalent ones, Barshad's data demonstrate
that montmorillonite saturated with K+, Nd', NHJ', and Cd“:
and air-dried give first order reflections resbectively at
12,0A, 11.9A, 12.1K, and 15.1A. When saturated with water,
these maxima shift to 13,2A, 28-18A, 13,2R, and 18-19A.
Na-montmorillonites were found to form gels upon wetting,
consequently expansion varied with the concentration of

the gel., So with the exception of Na-montmorillonite,
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K- and NHy-montmorillonites appear to foster only one
molecular layer of water, whereas divalent Ca*z' can accomodate
two layers,
The ionic radii of K+, Na+, NH#? and Catz are
1.33R, 0.951, 1.421, and 0.99K respectively. Barshad
(1950) has shown that ions having the dimensions in the
range of 1.353 (namely K and NH;_) tend to be associated
with contracted layers whereas those smaller than 1.35A
(Na*, ca*?) will foster one to two molecular layers of
water depehding upon whether they are monovalent or divalent.
Table 3 shows the results of saturation of K-bentonite
samples in 1N solutlions of KOH, NaOH, Nﬂucl, and CaCl for
five hours at 65°C, after which they were washed and dried
at room temperature, The samples were kept suspended in
an ultrasonic vibration bath in order to maintain as
much particle separation as possible., Minimizing the amount
of flocculation in this way was found to appreclably affect
the accessibility of ions to the indiviual clay particles,
Untreated, air-dried samples show first order basal
reflections that vary between 10.93 and 12.23. Most peaks
are well defined but showed a tendency to broaden under
even slight changes in relative humidity. Accurate control
of humidity conditions was not maintained, but the conditions
of sample preparation were constant so that reasonable
confidence can be placed in comparative interpretations of

peak intensities and sharpness, Of greater importance here,
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however, was the amount of sample used, Minimal amounts of
sample often produced less distinct patterns, and often
duplicates were required for confirmation of measurement,

Upon saturation of these samples with K*; a slight
shift towards the 10A position can be noted (figs. 8, 9, 10).
This shift is indicative of a partial contraction of the
expandable layers with & resultant decrease in the value of
the 4 spacing. (001) values for these maxima vary between
10.53 and 11.4A. Treatment with NHdr produces a similar
less complete collapse of the expandable layers with first
order maxima ranging between 10.83 and 11.2R. Nér is seen
to induce only mild collapse on some specimens and a peak
expansion on others with peak values between 10.9K and
11,9, Ca* on the other hand hes the most profound effect
in expanding layers between O.5ﬂ and 1.03. Ca-treated peak
values range from 11.3& to 12.53.

The interlayer cation in the expandable layers appears
to be calciuy, for comparison with theoretical studies by
MacEwan, Brown and Amil (1961) reveals that the curves which
most closely and consistently agree with each other are those
for 10/17.73 mixed-layers whose expandable portions have been
glycolated and 10/15.55 mixed-layers whose interlayer position
is occupied by calecium and two molecular layers of assoclated .
water, The data for Na-montmorillonite do not correspond

with the glycolation data,

Jonas and Roberson (1960) in discussing the importance
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of partiocle size on the expansisn properties of clays suggest
that "there is no reason te believe that the degree of iso-
nogphéua aubltituticn is not a continuous variahle in the-clay
minerals, ranging frowa minimum in the clay equivalent of the
taleppyrophyllite minerals t¢ the maximum in the clay nﬁpcovito-
blotite minerals. If expansion is truly related to the charge
on the silicate layer and the charge is oontrollcd by iso-
morphism, then expansion preperties .houid be viewed as &
eontinuous variable.,” The suggestion here, then, is tﬁat the
ides of "illite" and montmorillenite as two distinet mineral
species with oniy basic strustural resemblences is an over-
simplified generalization of the isomerphous rolationhhipi
among the 2:1 clay minerals. However, the data a';c-blod

on K-bentonites plus some rescent struetural work (Radslovich,
1963) are not fully consistent with this view. One would
expact to find, for instence, that the high sensitivity of
clay minerals to a partiscular geochemical environment should
reflect slight variations in ooncentration of ocertain ioms,
both in terms of the amount of substitution within the
octahedral layer snd tetrahedral layer and in terms of the
interlayer cations present in -xéhangoable sites. This
property has been well demonstrated in studies by Milne

and Rarly (1958), Keller (1956), Weaver (1956, 1958) and
others conducted on clay minerals from ricont‘lodinintl.

Por montmorillonit-"1llite" mixed-layer clsys studied in

the Gulf of Mexioco 1t has been shown (Weaver, 1958) that
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the "alteration" of montmorillonite to 1llite is merely a
rejuvenation of degraded "1llite"-mustovite which has
uridergone removal of 1nteflayer K* and addition of water
during weathering and transportation, In this kind of a
mixed-layer structure there is indeed a gradation from one
end-member to another, the ratio depending upon the time
exposed to sea water and the environmental concentration of
potassium., This is due primarily to the fact that degraded
micas are characterized by high Afafor Sfmhubstitution in
the tetrahedral layer and hence possess a high surface
charge density.

However, Ordoviclan K-bentonites represent silicate
lattices formed as a result of the devitrification of volcanilc
ash of a probable latite or trachyte composition (Ross, 1928)
and hence should reflect directly the geochemical conditions
under which they originated, The reaction of samples studied
here indicates a near-complete'adjustment to lattice strains
produced by octahedral substitution and seems to suggest the
existence of a fairly stable silicate form,

The concept of potassium "fixation" should be examined
for a moment 1in order to better ﬁnderstand the full significance
of those K+ ions which are exchangeable and those which are
not. Agrbnomists are basically concerned with the cation
and the relative ease with which it can be extracted from
1ts interlayer site, hence with its fixation. On the other

hand, mineralogists are interested in the effects of the

cation on the clay lattice itself and the implications
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regarding the lattice composition which can be inflerred

from the cation data. In a sense they are concerned more
with contraction than extraction. It 1s possible that
contraction data could be more useful than fixation information
in making structural interpretations since it is not implicit
that contraction means fixation nor, conversely, that fixation
implies contraction, As an example, we can consider samples
shown in figure 11 which i1llustrates (001) reflections from
fourteen samples of K-bentonite ranging over a period of

about one angstrom for untreated samples, but yet showing
uniform reaction to cation treatments. This would indicate

a variation in contraction rather than fixation of the 15K
units, since the uniform swelling reaction to Cérz means

the same interlayer dimensions can be attained under uniform
conditions regardless of the initial dimension of the clay
lattice, Figure 1l is somewhat anomalous in comparison with
the remainder of the cation data since the untreated maxima

of samples KR-QT through KR-1ll are situated near the 123 line,
The possibility cannot be excluded that the abnormal spacing
results from slight degradation of the K-bentonites in out-
crop with subsequent removal of potassihm, but i1t is also
quite possible that these samples owe a higher Ca/K ratio

to elther local environmental anomalies during formation

or to subsequent diagenetic changes., It can be seen (table 5)
that the cation exchange capacities reflecting total surface

charge density are not markedly low in comparison to samples
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KR-13 through KB-1A,, nor are the resctions to K' and NHy
exceptionally low, Hence the degree of contraction here
does not necessarily reflect the amount of potassium fixation.
No studies were made of the influence of particle size on

“the degree of expansion of'tho clay lattices, lb the influence
of this faotor cannot be considered, Additicnal work in this
direction might prove interesting in the light of studies
by Jonas and Roberson (1960). -

' Treatments on sample KR-9T offer additional information
on the fixation of some of the interlayer potassium. First
order reflections of the untreated sample ocour at 11.§K.
Suspension in a 1N solution of KOH for five hours at 60°C
allowed the maximum amount of pbihnniun that could be adsorbed
to place itself in the exchange sites of She tetrahedral
layers. The sample was then washed three times in distilled
water, decanted, and air-dried at room temperature., OContrac-
tion resulted in a first order spacing of 11.23, a collapse
of spproximately 0.7A. However, saturation of the K-rich

. ssmple with ethylene glycol expanded the 15.5A units to the
point where the total mixed-layer reflection occured af 11.6‘.
Using the data of MacEwan, Amil and Brown (1961) the caloulated
percentage of non-swellable units for the untreated sample
with glycol was T6%, while for the K-treated sample with
glycol it was 80%, giving a 4% inerease in non-expandable
layers after treatment with pétanliun. This is an insignifi-
oant amount when it is considered that the initial lattice
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was probably composed totally of swellable layers which
shortly underwent contraction on the order of 70% to 75%
by the adsorption of potassium,

So 1t might be assumed that although some additional
adsorption of interlayer cations such as K', Na*, and NHA*
is possible in the lattice of Ordovician K-bentonite essentlally
all the vacancles for fixed potassium have been filled., In
the light of the above statement by Jonas and Roberson (1960),
then, it seeme that a more correct approach to the aspects
of continuous isomorphism between the various 2:1 clay members
requires consideration not only of the degree of tetrahedral-
octahedral substitution and 1ts effect on the expansive
qualities of the clay, but also the nature of the sites into
which these lons fit and the ratio between the exchangeable
and non-exchangeable cations in these sites,

A conseéequent. line of investigation from the foregoing
would be to reverse the normal direction of procedure and
study the geometry of the exchangeable catlion sites to see
what effect they may have on octahedral substitution.

First, however, it is important to consider what is
meant by catlion exchange capacity and how i1t can be measured.
Total exchange capacity (TEC) is simply a standardized
method of measuring the ability of a clay mineral to exchange
those cations which are loosely held on and within the
lattice by weak coulombic forces, Various methods have been

outlined in the literature (Grim, 1953; Ormsby and Sand, 1953;
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Lewis, 1951) and each has certain advantages depending upon
the accuracy desired and the equipment available, The method
described herein follows basically the ammonium method
described by Lewis (1951) with a few refinements added by

the Department of Geology of the University of Illinois
(personal communication with Dr, Michael Wahl). The repro-
ducibllity is high and the amount of sample needed is quite
small. The procedure is outlined as follows:

1, Sample must be powdered to pass through a #200
sleve,

2. Standard solutions are prepared of O.1N Hgsou
and O0,1N NaOH, and then standardized.,

3. Standardization procedure for normality deter-
mination of any basic solution 1s as follows:

a) Place approximately 0.9 gm. Potassium
Acid Phthalate (AR) in accurately

weighed beaker. Welgh both to deter-
mine exact amount of Phthalate,

b) Add approximately 50 ml. of hot distilled
water,

¢) Titrate with unknown basic solution.
Use phenolphthalein indicator (5 or 6

drops).
d) Calculate normality:

Titre x 0,81688
Wt. of Phthalate

= A

&% x 0.1 = True Normality

4, Take approximately one gram of pure clay and
weigh accurately on an analytical balance.

5. Place sample on & fllterpaper in a Buchner
funnel and attach to a vacuum line,
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Slowly wash sample with 200 mls. of 2N Ammonlium
Acetate in 4 or 5 portions, allowing all the
solution to be completely filtered before adding
the next portion. (This is best done with a
wash bottle). Save the filtrate for cation
determination.

Wash the clay thoroughly 3 or 4 times with
neutralized methyl alcohol (pH 7).

Transfer filter paper and clay to standard
Kjeldahl distillation apparatus (fig. 12).

Place end of condenser in beaker containing
25 ml, of standard Sulphuric Acid, making sure
condenser tip 1s immersed in acid. Methyl
orange may be used as indicator (5 drops).

Run approximately 25 ml. of concentrated (6N)
Sodium Hydroxide onto the clay. Make sure
sample is completely submerged.

Distill for 5 minutes, Temperature should be
kept as close to boiling point as possible as

overheating will cause carryover of base droplets
into acid.

Back titrate excess acid with standard Sodium
Hydroxide, If pH meter is used, titrate to
pH = 3,80,

Calculation:

25-Titre
Wt. of Sample

x Normality of base x 100

® TEC in milliequivalents per 100 gm.

Filtrate can then be placed in flame photometer
tc determine the cations that were originally
present,

Several hints may be offered here. First, it is

advisable to include a standard nitrogen trap (fig. 12)

in each Kjeldahl apparatius. This allows only vapor to

escape 1hto the condenser, Secondly, greater confildence

can be placed in experimental results if each sample is run
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in duplicate, Any discrepancy can be settled by a rerun of
two additional samples. Thirdly, the titration point of
3.80 pH was determined by comparison with clays of known
TEC provided by the University of Illinois. It may be
advisable to recheck this endpoint'rrom time to time 1in
case fluctuations occur either in the pH meter or elsewhere
in the analytical system. Furthermore,'the pH meter should
be periodically standardized at pH = 4,0 with a commercial
buffer solution to check for drift due to room termpature
and humidity changes,
In the TEC calculations the figure 25 repregents
25 ml. of O0.1N Sulphuric Acid, This figure must be adjusted
accordingly as the standardized solution varies from this
normality, If a large number of samples are anticipated,
it is advisable to prepare 4 or 5 liters of standard base
~and acid at one time and to keep them stored in closed jars
provided with silica gel desiccator tubes (fig. 12).
Variation in exchange capacity of clay minerals (table
4) 1s caused by differences in the availability of exchange
sites, that is, the position of negatively charged spots
on the clay lattice, and by the chemical composition which
causes the charges to develop, Varilations in grain size
and irregularities in structure appear to increase the
exchange capaclity by providing a greater number of eXchange
sites on the particle edges, This is particularly true for
kaolinite and halloysite which have very little 1lnterlattice
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Figure 12, Equipment used f'or exchange capacity determinations.
A. Standard acid and base containers
B. Silica gel moisture trap
GCe Ammonia distillation apparatus
D. Water circulation pump

R. Vbltngo control for heat pods
F. P
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subatifuticn and hence few ncﬁativoly charged ircnl-within
the structure. !bré‘thoco elays the exchange oapagity
increases as the grain size deecreased because of the increase
in surface area and in the number of broken dbonds. Hendricks
(1945) has shown that the exchange capacity of kaolinite
increases from about 2 meq per 100 gm, with a specific
surface area of 10 square meters per gram., to 8 meq per
100 gm, with a specific surface area of 40 square meters pér
gn. Reduction in grain size together with disordered lattice
structure tends to produce a mineral amorphous to X-rays.
Such minerals have higher exchange capacities than larger,
better crystallized grains of similar composition because
of incressed surface ares and more broken bonds, Materials
1ike silica gel have exchange capacities in the range of
70 to 100 meq/100 gm. (Carroll, 1959). However, this kind
of exchange is probablyﬂfolutod more to surface adseorption
than to true cation exchange.

Ion exchange takes place when a solution containing
cations comes into contact with a clay mineral surface.
The kind and amount of exchange that takes place depends
iargoly-upon the chemical composition of the stiucture,
Carroll (1959) has summarized the structural causes for
cation oiohanig as, |

1. Unsatisfied valence produced by "broken Hends"
at surfaces and edges of particles. . .
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Table 4,

Mineral

Kaolinite

Halloylite
2H20

Halloysite

(4H20)

Montmorillonlite
Group

"Illite"

Vermiculite
Chlorite

Glauconite

-54-

Base Exchange Capacities of Common Clay Minerals

(After Carroll, 1959)

Structural Control

Unsatisfied valences on
edges of structural units

Unsatisfied valences on
edges of structural units

Unsatisfied valences on
edges of structural units
and on internal surface
between layers

Substitutions in the octa-
hedral and tetrahedral
units giving excess nega-
tive charge; unsatisfied
vwlences on edges of unit

Ag In montmorillonite plus
definiency of K" between
laye:s

Replacement of interlayer
cations, substitutions in
the units, and unsatisfiled
valences on the unit edges

Data poor. Possible defi-
clency of charge due to
substitution 1in brucite
layer

As in “"Illites™

TEC (meq/100

1-15
5-10

40-50

70-100

10-25

100-150

10-407?

11-20
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2. Unbalanced charges caused by lsomorphous_sub-
stitution of cationﬁ -- for example, Al*+3
substituted for Sit

3. Dissociation of structural OH- radlcals the
H*of which may be replaced by metalllic cations.

by, Accessibility of structurul catlons other than
H* which become exchangeable under certain cgn-
ditions -- for example, at low pH values AlY
ions move from the octahedral units to the
exchange positions,

Hence the principal cause of catlion exchange in the 2:1
clays, montmorillonites, 1illites, vermlculites, 1is lsomor-
phous substitution, whereas in the 1:1 clays, Kaollnlte,
halloysite, "broken bonds'" are more important.

Additional considerations are discussed by Robinson

(1962) who outlines the factors influencing catlion exchange

as:

1., Binding forces -- the forces that affect the
stability of an lonic crystal include (a)
electrostatic, or coulomb forces whose
attraction between ions falls off with the
square of the distance; (b) Van der Waals
forces with attraction diminishing according
to the seventh power of the distance; and
(¢) inter-atomic repulsive forces also
diminishing rapldly with the dlstance,

2. Accessibility of the lattice lons ~- a single
cation may be adsorbed by a clay mineral with
a wlde range of bonding energles, and this is
related to the position of the silica-aluminum
packet at which the cation is adsorbed, there-
fore, on basal surface, edges, or corners,

3. Ionlization of adsorbed cations -- only a small
proportion of adsorbed cations is likely to be
ionilzed depending upon the particular clay, the
concentration of the clay-water system, the na-
ture of the cations, the relative concentration

of the cations, and the nature of the adsorbed
anlons,
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Relative size of lons -- for ions of equal
valence, the smaller ions are held less tightly
than the larger ones.

Temperature -- generally has but a small effect
on cation exchange,

Valence -- the higher the valence of a cation,
the greater its replacing power, other things
being equal. Hydrogen, which behaves more like
a divalent or trivalent cation, is cited as an
exception,

Atomic weight -- for elements of the same valence,
replacing power of cations tends to increase with
atomic weight,

Concentration -- 1in general, the replacing power
of a cation increases with increasing concentra-
tion of the cation in solution. The common
metallic cations foqg@ Lg exchange positions in
clay minerals are Ca, 7 Na%, and K At low

pH values, H'replaces other cations. The order
of replaceablility of the common cations has been
found to be Li{Na<K{(Rb<Cs and Mg<Ca<Sr<Ba,

PH -- cation exchange capacity is a function of
pH and at a given pH the exchange capacity is
a definite quantity for a glven sample,

Jonas (1963) has demonstrated that two kinds of hydrogen

are exchangeable on the surface of H-saturated montmorillonite,

At low pH there 18 more titratable hydrogen in a fine-size

fraction of the clay than there is in a coarse fraction.

This indicates neutralization of H' adsorbed at the crystal-

lite edge.

The H' adsorbed on the interlayer flake surface

is neutralized at a higher pH, where there are more titratable

hydrogen ions for the coarse fraction than for the fine,

This implies some degree of correlation between charge

density and particle size,
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Realizing the variety of factors which are at play
in determining the kind of cations that occupy exchange
positions, it becomes somewhat less than speculative to
suggest why Cd“z and K+ are associated in the particular
manner that they are in K-bentonites. Geologically,
Ordovician K-bentonites in Kentucky, Ohio, and Indiansa,
are assoclated almost entirely with limestone sequences,
having only minor shale bresks present to suggest any
influence of detrital material, In such a sedimentary
environment, the most prevalent cations in solution during
devitrification of volcanic material would be Cd*z plus
those ions released during the alteration process in the
ash beds. Mg+2 is only a very minor constituent in the
limestone as shown by diffractometer tracings of carbonate
peaks.

Alteration of acid to intermediate feldspars and
ferromagnesian minerals will contribute primarily Si+u,
Na*, A1Y3, Mg*2, Fe'2, kY, and Ca‘2, Following the exchange
serles mentioned above, ca*2 and Mg*a have been shown to be
preferentially retained compared to Na" when montmorillonite
is soaked in sea water (Kelly and Liebig, 1934)., However,
under conditions of high‘concentration reverse replacement
may occur and, in the case of K*, a certain amount of
"rixation". Such a situation would occur for clays forming

6n the boétom of a carbonate sea by the alteration of K-rich
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minerals and it might be expected that a K-rich clay would
form to the partial exclusion of a Ca-rich one,

In the eastern United Sates, Ordovician K-bentonites
are found in sedimentary sequences characterized by abundant
detrital components (Ross, 1928; Kay, 1935). The additional
source of K' from weathered micas contributed from nearby
land areas might conceivably affect the Ca/K ratio of K -rich
clays, Weaver (1953) reports 2 basal (001) spacings of
10.8-10.94, indicating T5% collapsed and 25% expandable
layers compared to 65-70# and 35-30% here, This could be
interpreted as a reflection of the depositional environment
since some variability in fixed potassium content can be
shown for K-bentonites.

The total exchange capacities for the less-than-two
micron fraction of 37 K-bentonltes are listed in table 5,
Values range between 38 and 53 meq/100 gm. with a majority
occuring between 45 and 50 meq/100 gm. Each sample shown
was run in duplicate to insure greater accuracy. In most
cases the error between the two initial trials was less than
6%. Those that exceeded this amount were subjected to
additional trails until good agreement was reached, Of
particular interest is the order of magnitude of these
K-bentonites in comparison with published values for mont-
morillonites and "1llites" (table 4), Montmorillonites
typicdly have excﬁange oabacitiea in the range from 70 to
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Table 5., Table of Total Exchange Capacities for K-bentonites

Sample Number TEC (meq/100 .
KB-1AT 45
KB-1BT 4
KB-1BM 4
KB-1BB 42
KB-1CT 4
KB-1D Y
KB-1EM 41
KB-1EB 38
KB-1F 50
KB-1H 50
KB-11I 49
KB-2B b
KB-2D 39
KB-2ET L5
KB-2EM 49
KB-2EB 46
KB-2F 38
KB-20M 43
KB-2H 50
KB-21 48
KB-3B 46
KB-3C 50
KB-3E 43
KB-3FT 45
KB-3FM 50
KB-3FB zg
KB-3H
KB-41 49
KR-9T 41
KR-9B 53
KR-9-2 43
KR-9-3 50
KR-10 52
KR-11 4
KR-1 43
KR-14B 45
KR-15 4s
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100 meq/100 gm, indicating a large number of unsatisfied
changes between and on the edges of octahedral and tetra-
hedral sheets. Weaver (1958) has suggested that those in
the lower portlon of the range represent montmorillonites
derived from the alteration of non-layer silicates such as
volcanic debris in which isomorphous substitution has
occured primarily in the octahedral layer., Consequently
the seat of residual negative charge 1s located in the
octahedral layer and is further from the interlayer exchange
posltion, Bondlng forces then are not quite as intensive
and lon exchange occurs more easily. On the other hand,
montmorillonites derived from the degradation of "illites"
and muscovites are represented by the higher TEC values,
Normal muscovites and "1llites" are characterilzed by greater
A1*3 for Si*# substitution in the tetrahedral layer than

is found in most montmorillonites (Grim, 1953). Thus the
seat of residual negatlve charge 1is concentrated close to
the 1lnterlayer area and exercises greater bonding force

on exchange lions 1n that posltion, Exchange capacitiles

for "i1llites" (hydrous milcas) given in the literature range
between 10 and 25 meq/100 gm., This range is lower than
that for montmorillonites because the majority of negative
charges has been satisfied by non-exchangeable potassium
with only a few exchange vacancies remaining. Muscovite,

which has even a greater portlion of tetrahedral silica
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substituted for by aluminum has practically all available
sltes occupled by potassium and at the most has only a
weak exchange capacity,

The intermediate position of K-bentonites might
appear to merge with the values given for "illite" and
encourage the interpretation as merely a tfansitidnal
stage between montmorillonite and hydrous mica, Weaver
(1953) suggests that this in fact is the case and that only
additional substitutional changes in the Kugentonite lattice
are required to completely collapse the structure to a
10 angstrom spacing. However, although many writers have
considered that there is no sharp line of demarcation
between the micaa proper, the hydrous micas (meaning "illites"
and mixed-layer minerals), and the montmorillonites énd
vermiculites, Yoder and Eugster (1955) have shown that
most minerals that have been called hydrous micas, "illites",
hydromica, and hydromuscovite are in fact mixed layér
structures of "montmorillonite" and various mica polymorphs,
These have been called monominéralic structures primarily
because the polymorphic mechanisms operative in layer-lattice
silicates have not been fully appreciated until recently.

In figure 1l several anomalies appear in cation
exchange data which are unexplainable with the avallable
data. éamples KR-9M and KR-1ll whow only a very moderate
collapse with K+adsorption and a weak expansion with cat*2
and Na'. It is possible that, considering the ionic radii
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of Ca*2 and Na" (.99A and .95R) and for K (1.33R), some
additional cation is being held in the exchange position
and effectively preventing collapse or expansion on the
order of magnitude observed in other K-bentonites., During
preparation of specimens for TEC determination, all
exchangeable cations are flushed out with ammonium acetate.
Although attempts were not made to determine what these
cations were, information of this sort should be useful in
explaining some of the data anomalies, It 1s possible for
instance that Mg*z is present to a greater extent in some
samples since, like Ca*e, it is held preferentially to Na'
in the exchange position. Bulk chemical analyses alone
offer no additional information since octahedral magnesium
cannot be distinguished from interlayer magnesium without
a complete structural analysis,

Those TEC values listed in table 5 represent clay
particles less than two microns in diameter which were
prepared initially by settling according to Stoke's Law
and finally concentrated by high speed centrifugation at
8000 rpm. Consequently the effect of particle size on the
total exchange capacity 1s not given consideration.

There is a noticeable tendency for specimens from
the centers of some of the thicker horizons to have a
slightly higher exchange capacity and a slightly lower
total adsorption of calcium compared to the outer portions,

Generally speaking, the properties of Ordovician K-bentonites
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do not vary appreciably from the top to the bottom of any
one horizon, Those :changes that do occur appear to be only
local ones and do not bear any consistent variation either
laterally or vertically., However, in samples KB-1B, KB-2E,
and KB-3F exchange capacities are several units higher for
the center portions and seem to correspond with lesser
expanslion by cat2 adsorption on the order of 0,1 to 0,2
angstroms. Increased interlayer charge would cause greater
difficulty for calcium ions during exchange reactions, and
total expansion would be retarded. Such an increase would
also be reflected by a higher TEC value provided that no
additional K' fixation occured to satisfy the chsrge vacancies.
This feature 1s not accorded great Importance since the TEC
increase is still within the limit of error of 6% mentioned

earlier and because other thick beds indicated no such varia-

tion,
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DIFFERENTIAL THERMAL ANAYLSIS

The technique of Differential Thermal Analysis
(DTA) has been shown to be extremely valuable in the study
of fine-grained minerals such as the clay groups., Although
the method is moderately simple and date are fairly easily
obtained, a large amount of detailed information can be
gained concerning structural properties of minerals.,

Early studies by Ross, Grim, Rowland, Kerr, Hendricks and
others have developed the instrumental and interpretative
techniques to thelr present status.

Basically, under the influence of temperature sub-
stances experience fundamental structural changes which
proceed with attendant exothermic and endothermic reactions.
In DTA the temperature difference between an inert material
and the sample 1s measured as both are being heated at a
constant rate., Slight differences in temperature are
measured by the use of a dual-terminal thermocouple, one
end of which is placed in the sample while the other is
placed in the inert standard. Any temperature increase. or
decrease outside that imposed by the furnace will cause an
imbalance which is picked up by a sdnsitive recording device,
The resultant graph is interpreted in terms of positive and
negative peaks representing exothermic and endothermic
reactions respectively.

As the chemical bonds of minerals are of many

different strengths they will oxidize, decompose, and change
phase at different temperatures, Thus these temperature
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peaks become diagnostic for the bonding relationships that
characterize vardous mineral groups.

Since clay minerals are hydrous silicates, they
undergo several prominent changes in the range 0° to 1000°C,
the normal working range for most DI'A equipment, For a
majority of 2:1 clays, the differential thermal curve can
be subdivided into two main portions for interpretation:
(1) the adsorbed water region in the temperature range
100° to 300°C; and (2) the dehydroxylation region in the
temperature range 500° to 1000°C. In the second range
structural breakdown and eventual recrystallization occur,

Hydrated clay minerals give pronounced endothermic
peaks between 100° and 300°C, X-ray diffraction shows that
over this range d(001) decreases from about 15.53 for
Ca-saturated montmorillonites to 10A with no further decrease
at slightly higher temperatures., Hence it 1s assumed that
this reaction represents loss of interlayer, non-structural
water (Grim and Rowland, 1942). The size of the peak is
at least partially dependent upon both the exchangeable
cations present and the relative humidity at which the
sample was equlilibrated,

MacKenzie (1957) gives several curves for various
cation-saturated monmorillonites. Potassium-treated
montmorillonite reacts with a single peak at 190°C and
calcium montmorillonite is characterized by two maxima

at 170°C and 210°C. The double peak reflects the hydration
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properties of divalent calcium where the first water is
"freo" in the interlayer positions and the second is taken
up by a 6-fold arrangement of water molecules surrounding
each caloium ion. The somewhat stronger bond of hydrated
water 1s broken at a higher jempersture than that which
removes the interlayer water.
Figure 13 shows differential thermal curves for
six untreated K-bentonites. Samples were run at a resis-
tance of 50 ohms and & m111ivolt range between 0.12 and
0.1% mv. The less-than-two micron frastion of K-bentonite
was used for analysis since this fraction is sufficiently
coarse-grained to yteld distinct reactions and yet does
not contain enough impurities to seriously impair sccurate
interpretation of the thermograms.
A primary low temperature peak lies between 150°C
and 18050 with a secondary reaction ococuring near 230°C
in semples KB-10,, KB-2B, KR-9M, and KR-9-3. The inter-
mediate poeition ot'fhe'n;in ponk_repfo:ontp the influence
of both K' and Ga*2 in the interlayer position while the
looqndar& peak must undoubtedly be related to calcium alone,
Ross (personal communication, 1962) has found minor occurences
of gypsum in some of the Kentueky K-bentonites from Highbridge,
‘80 1t may be that the variations in intensities of the
secondary peaks ire related to minor -ulfqto content.
Uiidentified "ribrous” sggregates found in electron mioro-
~ grephs would lend some suppert 0 this interpretation.
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The size of the endothermic peak in the 150-2500C
range could be related to octahedral chemistry of the
layer-lattice silicates also. Foster (1953) has suggested
a correlation between decreased swelling properties of
montmorillonite with increased substitution in the octa-
hedral layer,

MacKenzie (1957) summarizes data for the dehydroxy-
lation of several montmorillonite group members and points
out that while montmorillonite gives two endothermic
reactions in the T000C and 900°0C region with an exothermilc
peak around 1000°C, both beidellite and nontronite have
primary reactions around 500°C with secondary peaks near
T00°C and 850°C, Exothermic reactions follow at 900°C,

He points out further that all except montmorillonite give
their main dehydroxylation peak in the 500° region and all
except montmorillonite owe their silicate-layer charge
predominantly to tetrahedral substitution, Thus it would
seem logical to correlate the two, particularly since other
montmorillonite group members containing little iron or
magnesium and showing mainly tetrahedral substitution give
a primary dehydroxylation peak near that of nontronite.
Correlation of the 5000 peak with tetrahedral substitution
must stlll be further substantiated however as other workers
have found no such direct relationship over short; composi-

tional ranges (Earley, Osthaus and Milne, 1953),

t—

P
"
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For "illite" the first hydroxyl endothermic peak
falls at about 600°C (fig. 13). While this position 1is
probably a function of the octahedral cation-hydroxyl
bond, the next endothermic reaction falling in the 850°-
900°C range both for "illite" and montmorillonite reflects
the complete destruction of éhe basic lattice and so must
be related to substitution in either the octahedral or
tetrahedral layer,

It would seem then that octahedral composition is
largely responsible in influencing the overall structural
relationships in the 2:1 clays. From examination of
published DTA data, aluminum-hydroxyl bonds appear to be
stronger than either the iron-hydroxyl or magnesium-hydroxyl
bonds since pure aluminum clays possess higher dehydroxyla-
tion temperature,

In figure 13 the malin dehydroxylation peak for
K-bentonite lies generally between 7TOO°C and 750°C, slightly
higher than most montmorillonites and much higher than
"111ite". The third peak reflecting complete collapse of
the clay lattice is located in the range from 880° to 910°C
and is not substantially different from other 2:1 clays.

The position of the first high temperature maximum, if
correlated with the amount of substitution in the octahedral
layer would indicate a predominance of Al1-OH bonds over

those with Mg and Fe, just as higher substitutions in
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montmorillonite and "illite" are reflected by the lower
_ temperatures of the peak positions,

Bassett (1960) has shown by infrared spectroscopy
that the hydrom&l bend angles for dioctahedral muscovite
are inoclined to the (00L) cleavage plane (fig. 14), whereas
for triostahedral biotite and vermioulite the OH bond angles
are directed perpendicularly to that plane, !hﬁ., for
uuaoo;ito the H-proton is farther removed from the exchange
of the negative oxygen and positive exchange cation (1n'th13
case, potassium), while for biotite and vermiculite the
proton is placed closer to the tetrahedral layer and hence
redudes the strength of the force holding the exchange ions
in place. This relationship was used to explain the greater
susceptibility to weathering and cation-loss in the tri-
octahedral miocas,

On the basis of the present data it is wondered if
the same reasoning might not hold true for cation-hydroxyl
bonds in the expandable clays and particularly in K-bentonites.
The possibility has been suggested (Kerr, et al. 1951) that
1f there is selective (non-randem) replacement of catiens
in the ectahedral 1ayq§o than tho;o certain cation politionl
te which hydrexyls are attached might remain filled by A1+3
while -ubutitutipﬁ cocured in other cation sites. In this
way & highly substituted lattiee might #5211 shew a relatively

high temperature primary hydroxyl pesk because the hydroxyls
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TETRAHEDRAL LAYER
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Pigure 14, Hydroxyl inelination in dioctahedral (s011d) and trioctahedral
(dotted) micas,
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would still be bound to aluminum cations, The problem
of order versus disorder in octahedral coordination will
be discussed later in light of recent analyses of the
structures of layer-lattice silicates, but it seems possible
that the angle of inclination of the OH bond while affecting
the 'fixation" of the interlayer cation might also affect the
temﬁerature at which dehydroxylation occurs, If thiswere
so, then the higher temperature peaks of K-bentonite would
reflect stronger cation-OH bonds than in montmorillonite.
For "1llite" the higher degree of tetrahedral substitution
may éause gfeater distortion in the ionic position in the
octahedral layer (Veitch and Radoslovich, 1963, pt. III),
and hence weaken the cation-OH bonds. In this case, the
primary hydroxyl loss would occur at a lower temperature,
which in fact it does.

Exothermic reactions near 4500C in some K-bentonites
(fig. 13) may be due to minor organic or sulphide contami-

nation and are not considered to be related to the clay

structure.
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ELECTRON MICROSCOPY

The development of electron microscopy has lead to
a renewed interest in the study of clay mineral morphology.
By utilizing extremely short electron beam wavelengths
and objective lenses with numerical apertures of the order
of 0.01 angstroms, resolution of distances less than 153
and magnifications up to several hundred thousand times are
possible,

In order to show the thickness of particles and the
contrast of particles agalnst the background, a metallic
shadowing method was employed. This method consists of
depositing clay from an agueous suspension on a piece of
film such as collodion at room temperature, and then shadow-
ing the sample with finely divided platinum dust. The
angle of shadowing used varies from 30° to 10°, depending
upon the average particle size and the amount of contrast
desired. Specimens used for electron diffraction could
not be shadowed since any contamination would show up in
the diffraction patterns, so these were photographed at
right angles to the plane of the sample without any prepara-
tion. Initial handling of the samples consisted of moderate
mechanical breakage followed by disaggregation in an ultra-
sonic uibrator. Subsequent settling produced the desired
upper limit of grain sizes, It is felt that no substantial

damage has occured to the clays as a result of these
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procedures and that the photographs represent essentially
unaltered K-bentonite,

- Anohg the oclay minerals montmorillonite generally
shows the least evidence of orystallinity in electron
miorographs (Kerr, et al., 1951), although Ross and
Hendriocks (1945) show one example of Wyoming bentonite
which has a fairly sharp particle cutline suggesting gosd
orystallinity. "Illites” and muscovites generally show
well fermed flakes,although variations in chemicsl compo-
oition preclude & single definitive desoription for the
clay micas,

 Sample KB-1A

Figures 15 and 16 show photographs of K-bentonite
KB-1Ag taken of both the less-than-two iicron‘bulk sample
and of the uppermest portion of the clay remaining suspended
in water after 24 hours. The bulk'-aqble is seen to be
composed of both thin plates having sharp, well defined
outlino- and aggregates of plates with fuszzy outlines
-oro'liko true montmorillonites, The clay is extremely
fine-grained with the smallest particles being less than
1/8 micron dismeter, The shadow casting photos give some
idea of fho thicknol- of the individual plates and aggregates
by ceaparison of the lengths of the shadows formed, The
plates are probably less than .00Z miorens in height which
is about c-axis dimension, while the paskets are seversl
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Figure 15, FElectron micrographs of sample KB~lAp, Idne
represents one miocron,
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Figure 16. Fleotron miorographs of KB-1lAn: above,
b\:n: sample; below, particles suspended after
24 hours,
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hundred angstroms high., The bulk sample at 40,000 magnifi-

~oation shows that many of the plates are actually nplnt'up
into sharply terminated lath-like segments in some cases
and irregularly broken ones in others. These laths ocour
both as discrete fragments and as partially split pertions
of larger plases, suggesting a‘prouinont cleavage direction
perpendicular to the basal plane, This type of cleavage
mey be similar to that of -uloovito'whiqh, in addition to
the basal cleavage, has planes of socond.ry cleavage parallel
to (010), often yielding narrow strips or thin fibers. That
this phdno-oncn is not observed in low tetrahedrally ohaiséd
montmorillonites suggests that the large size of'thc inter-
layer potassium in K-bentonite produces & strain within the
crystal lattice resulting in a structurewith potentisl
cleavability perpendicular to the layer-lattice plates.
Hendrioks and Ross (1945 and Kerr, et al, (1951) refer to
several instances in thd\litofatur. -ontioﬁing ; ainilaf
phenomenon in tetrahedrally charged a.ntronitc'and hectorite,
The laths are easily seen even at $940X magnification and
are common features in the bulk sample.,

At 40,D00X striations are clearly seen on thick
aggregate patches of clay plates and éccanionnly on the
thinner stacks in the bulk sample, In the center of the
photo, the striations, known as loirgllinos, are parallel .
to the cleavage sides of a stack of plates which terminate
roughly in a 60° corner ¢aused by the intersestion of
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the striations.. On the left side of the photo Moird lines
are also seen on an aggregate stack but appear to form more
of a mosaisc pattern. It is not evident hpw many of these
striations are from the uppermost plate and how many are
from the lewer ones, but in general they are caused by the
repeated stacking of a series of geometrical patterns which
preduce a nért of magnifigation only if the patterns on
one level repeat those on levels above and below in their
linear dimensions. In other words, the presence of MNoiréd
1ines reflects well organized and well orystalliszed clay
layers whose stacking is arranged in a certain definite
sequential pregression.

This specimen, 1h addition to the flat piates described
above, has seversl small clusters of a fibrous substance
which do not appear in the other samples. These clusters
do not have the appearance of clay minerals and are probabdbly
due to contamination by gypsum, zeolites or similar secondary
mineralization. KR-9-3 was shown by elemental analysis to
contain -ori iron than other samples dus perhaps to partial
weathering on the outerep, hence additional céatanination
night easily be uuipootod.

lh‘or -had-v castin; these phetos show abundant
£lat uno‘lo-likb laths whieh are i@bknu and tornanatod by .
600 and 120° anclot on the ends similar te ll-llg Moird
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Flgure 17, FEleoctron miorographs of sample KR-9-3,
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Figure 18. Fleotron micrographs of sample KR-9-3.

f . Pl
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lines parallel the straight edges of a fow groups of stacked
plates, These are most easily seen at 40,000X magnificetion,

Sample KB-11

£

Hexagonal plates and terminated laths are common
ir. these photographs of a bulk sample suspension, Although
many plates are overlaspping one another, numerous individual
ones oan be seen reflecting pseudohexagonal iynnntry and
showing well developed lattice structures. The 1ndividu31 
plates in some of the packets in the 40,000X photograph
appear to be arranged in a definite cryntglio;raphic order
with respect to each other, and, as in KB-1lA, possibly
represent a certain ordering of pllt‘lvih the c-axis direction
which is responsible for the overall mosalc pattorn‘ot 120°
and 60° ltgﬁlte interceptions seen in these samples. In
several instances the upper plates are partially otripﬁod
away revealing the same pattern in the directions of the
straight edges of the successive plates below, These stacks
would probably show optical continuity perpohdicﬁltr to the
plane of the plates.
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Figure 19, EKleoctron miocrographs of sample KR-1l1l,
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Figure 20, Eleotron micrograph of sample KR-1l1,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




-84

STRUCTURAL CONSIDERATIONS

Experimental work previous to this study on the ion
exchange properties of various expandable layer clays has
shown that for the most part only a limited amount of fixa-
tion of potassium can be imposed under laboratory conditions
of temperature and concentration (Barshad, 1948, 1954;
Weaver, 1958)., Barshad (1954) interprets his data to indi-
cate that "fixation" is a function of the amount of total
1nter1ayer'charge. 'He shows that an expanded lattice with
an interlayer charge of 150 or more meq/100 gm of material
heated to 1000°C will contract to 10,4R when saturated with
K+, whereas lattices with a charge of 110 or less meq/100 gm
have an expansion equivalent to one molecular layer of water
(12.4&), So lattices with interlayer charges greater than
150 meq/100 gm experience "fixation" well over 50% of the
total exchange capacity with the hiéhest interlayer charge
probably represented by muscovite which Barshad (1954)
gives as 262 meq/100 gm. Weaver (1958) reports that maximum
"fixation" occured with the Wyoming bentonite where fixed
potassium reduced the TEC by 22 to 28%, while Barshad (1954)
using a mild treatment was able to "fix" less than 4% NHE'
and less than 8% K' in montmorillonite.

Thus it would appear that substantial "fixation"
of potassium occurs only under the most extreﬁe conditiona

of temperature., However, montmorillonite in experimental
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studies (Roy and Roy, 1955) 1s shown to be stble only up

to 480°C, so high temperature fixation studies above this
level must be interpreted with some care, Additional expla-
nations have to be found, then, to account for the apparent
collapse of 60 to 80 per cent of the layers of K-bentonite
and the attendant "fixation" of a large percentage of
potassium in randohly alterﬁating layers. It appears that
whatever the mechanism 1s operative i1n K-bentonite, it must
be stronger in the collapsed layers than in the expandable
ones since only a very moderate fixation of potassium was
detected for the expandable layers with concentrated solu-
tions of KOH.

Recent work by Radoslovich and Norrish (1962) and
Radoslovich and Veitch (1963) strongly suggests that the
ideal structure for muscovite 18 inconsistent in terms
of the b-axis formula and in terms of the influence on
it contributed by the octahedral and tetrahedral layers
and by the interlayer cations. Realizing that original
calculations of the structure did not account for the
misfit of "free" tetrahedral and octahedral layers, they
have propoéed a'new structural model based on the rotational
"distortion" of the tetrahedral layer, Basically, the
network of "silica' tetrahedra, ideally hexagonal, is
shown to be‘distorﬁed to a ditrigonal surface symmetry,

by the opposed rotation of alternate tetrahedra,

Hexagonal symmetry still remains in the octahedral layer
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however, The amount of rotation varies from a few degrees
to near the theoretical maximun of 30°., Thus the strain
due to the misfit of a larger tetrahedral layer onto a
smaller octahedral layer is relieved partly by expansion
of the octahedral layer, with an accompanying contraction
in thickness, and partly by contraction of the tetrahedral
layer through rotation of the basal triads,

On this basis they propose (Radoslovich and Norrish,
1962) that the tetrahedral layers play only a secondary
role in determining the b-axis, not the dominant role
previously assumed, Furthermore, the cell dimensions
appear to be controlled largely by the octahedral layer and
the interlayer cations in such a way that for dloctahedral
micas the interlayer cation (especially the large K')
effectively stretches the octahedral layer, That this
stretching does not occur for trioctaiiedral micas leads
to the suggestion that initial tetrahedral dlsplacements
are due to the partly-filled character of the octahedral
layers in the dioctahedral micas, Similarly, Burns and
White (1963) have noted that treatment of muscovite with
molten lithium nitrate at 300°C will remove a large portion
of the interlayer potassium with an accompanyling decrease
in the b-axis dimension. The contractlon of the b-dimension
results in an effective decrease in the size of the ditri-
gonal opening in the planar suffaces with a consequent

increase in the d(OOl) spacing upon resaturation with
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potassium, Once the unit cell has contracted slightly,
presumably by rotation of the tetrahedra, the size of the
opening in the oxygen surface, initlally occupiled by potassiun,
decreases and potassium cannot fit down into the opening as
far as 1t did initially., The result is a slight increase in
d(001) from 9.96R to 10.003 when potassium was again added.

Since the a-dimension is related to the b-dimension
by the relationship a = b/3%, 1t will be affected in the
same manner as the b-dimension.

The implication of this would seem to be that
K-fixation involves a pre-tetrahedral rotation phenomenon,
which>diminishes greatly after tetrahedral-octahedral
adjustments are accomplished, Any subsequent potassium
contributed to the structure would be less likely to he
as firfmly held and could more easlly exchange, This
opposes the concept of a diagenetic alteration of mont-
morillonite to "i1llite" through slow K-adsorption.

Further éonsidefations on the relationship of the
OH bond to the interlayer cation (Bassett, 1960; Yoder and
Eugster, 1955) indicate that the directed bonds for phlo-
goplite are perpendicular to the sheets and inclined at a
low angle for muscovite, thereby shortening the oxygen-
cation distance and providing a stronger charge seat for
the interlayer cation, Hence the tetrahedral configuration
due to rotation is related to the degree of potassium pene-

tration and to the orientation of the octahedral OH bonds.
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For K-bentonite the high temperature of the primary
hydroxyl DITA peak indicates a stronger OH-cation bond in
the octahedral layer., The adsorption of KY must be partially
controlled by the inclination of the directed OH bond rather.
than by tetrahedral substitution, since the lack of a prominent
500°C endothermic peak and the one angstrom increase in
interlayer spacing due to Ca-adsorption preclude & high
charge seat close to the interlayer cation. Ultimately
the realtionship between the octahedral cation and adjacent
hydroxyl must be linked to the nature of octahedral substi-
tution., Radoslovich (1962) has shown by multiple regression
analysis that for montmorillonites a slight increase in "b"
occurs with the substitution of magnesium and iron octa-'
hedrally. But K-penetration (i.e., fixation) controlling
largely the distortion of the tetrahedral layer adds an
additional strain on the octahedral layer causing further
stretching in the direociion of the b-axis, so that, at
least for a restricted range of potassium content, the
amount of potassium present is directly related to the
length of the b-axis (Radoslovich and Norrish, 1962, pt. 1).

A mitigating influence on the interlayer strain
relationships exists if it 1s considered that octahedral
cation sites are of two different sizes and that A1*3,
Mg*z, and Fe+2 enter these sites preferentially. In other
words, subsitutions within the octahedral layer appear to

be ordered, and hence limits are placed on the amoynt and
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kind of substitution that can occur (Radoslovich, 1963,

pt. III). Radoslovich (1963a) further suggests that for
muscovite, about 80 per cent of the octahedra must be
occupiled by A1*3 1n particular, in order to maintain a
stable muscovite-type strutture., Possibly the degree of
aluminum substitution in the K-bentonite lattice places
similar maximum and minimum 1im1ts upon the amount of
potasslium that will be fixed in the exchange position

and that varying K-adsorption within these limits accounts
for the mixed-layéring observed by X-ray diffraction.
Future investigations of the b-axis parameter and OH bond
inclination would be most revealing in this respect, It
would be particularly interesting to find out whether or
not the K-bentonlite structure adjusts to the tetrahedral-
octahedral mismatch over a distance of several structural
layers rather than within each layer, that is, some indivi-
dual layers being over-compensated and others under-compensated
but with a net result of structural stability. If so, such
an interplanar network of forces, 1f randomly centered,
would produce a layer-lattice mosaic structure with some
portions collapsed more than others, and having the
appearance of a randomly interstratified clay mineral.

This network would occur only in those expandable clays
with high octahedral charge, since high tetrahedral charge
(i.e., nontronites, etc) would induce different strain

relationships as outlined by Radoslovich and Norrish (1962).
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It 1s suggested that these considerations, if con-
firmed, would necessitate placing K-bentonite as a separate
structural type within any major structural-chemical
classificatlion of clay minerals. The controlling forces
involved would not occur in a continuum between montmoril-
lonite and "illite" but rather define a distinctly separate

structure with unidue lattice parameters and physical-

chemical properties,
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ADDITIONAL DATA ON K-BENTONITES AND ASSOCIATED LIMESTONES

Insoluble Residues of Limestones

Insoluble residues of limestones adjacent to two
different horizonas were studled to find what gradstional
changes take place between the limestone and ash beds.
Approximately 200 gm of limestone were taken at two foot
intervals up to six feet away on either side, crushed to
fragments 3/4 inch in diameter and dissolved slowly in weak
(1ess than 10%) HCl, The residues were washed several times
with distilled water, weighed and percentages calculated
on the basis of the known weight of the original sample,

Figure 21 shows the extent to which insoluble content
decreases away from the K-bentonite beds. Examination shows
that chert constitutes practically all the insoluble material
adjacent to the beds with slightly more present below than
above, The formation of chert 1s a consequence of the devitri-
fication of volcanic ash whereby released silica replaces
nearby calclium carbonate volume for volume, In hand specimens,
the chert zones appear to be discontinuous above and below
the K-benonites, but thin section examination reveals a much
more consistent pattern of distribution, Several writers
have discussed in detail the problem of the release of silica
from volcanic material and consequent deposition as chert

in nearby carbonates (Fox and Grant, 1944; Ross and Hendricks,
1945; Siever, 1962).
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Insolubles of samples between 2 and 6 feet away ar§
composec primarily of clay with‘iinor amounts of feldspar
(orthoclese). In addition to a regular 10A sequence, both
144 and 73 retlictiona, chafacteriltic of chlorite, are
found in the 1hlolub10 clays. Glycolation showed expansion
effects only on clays taken between O and 2 feet away from
the ash beds, indicating the vertical extent of K-bentonite
gradation into the carbonates. Purther away the 1A and
10A series were dominant as detrital micas form a major
portion of the o;ayn; Heating for two hours at 550°C did
not shift the 144 peak noticeably, a characteristic featﬁiénA
for chlorite (Warshaw and Roy, 1961). |

In sample KR-4 the soluble content inoreases at the
bottom of the section as another K-bentonite horizon is
approached, The higher readings at the top of the section
probably reflect differences inherent in the lithologilc
change from Tyroﬁe to Curdsville limestone,

Heavy Mineral Analyses

Heavy mineral studies of K-bentonite reveal a fairly
consistent suite composed of biofito, magnetite, leucoxenesy
and apatite with lesser amounts of zircon, Trace amounts
of hematite, ohlorite, and fluorite were also recognized,
Together, both anhedral and euhedral flakes of biotite
constitute as much as 85 per cent of the total heavy minral

sulte in some samples, whereas they are practisslly absent
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in others. The uppermost horiszon in the Black River is
normally characterized by an sbundance of biotite (fig. 22)
concentrated in zones within the bed and can ﬁ.ualiy be
distinguished from other ash beds on this basis. The oon-
centration of biotite within 1nd1vidui1 K-bentonite
horisons and the variability in grain diameter (.2 to 1 -n)
indicate that the mica is primary in origin and not an
authigenic constituent.

Colorless apatite corystals, 0,05 to 0.3 mm in length,
acoount for as much as 30 per cent of heavies in several
samples and show a variety of morphological forms ineluding
commonly long, priq-atio orystals terminated either singly
or doubly by pyramidal or pinacoidal surfaces, Small ineclu-
sions of bubbles and zircon orystals are oriented parallel
to the c¢-axis, Leucoxene orystals rungé up to 50 per cent
of the total heavies in a few instances, but generally it is
‘e minor constituent,

Colorless zirson orystals varying from 0.03 to 0.4 mm
in length are present as a minor constituent. Habits are
similar to those described by Larsen and Poldervaart (1961)
for batholithic zircons which inelude ouhodral, doubly
terminated, prismatic crystals with simple and complex forms;
singly terminated, subhedral orystals; and anhedral orystals
with irreguler forms (fig. 23). Although the appearence of
apparensly rounded or broken orystals within a K-bentonite
horisen might seem o indicate a detrital origin, it should
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Figure 22, Biotite flakes in sample KB-1D, Upper scale
in inches and lower scale in centimeters.
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be pointed out that alternmative interpretations are possible,
Larsen and Poldervaart (1957) have shown that the irregular
forms on ziresns from granodierites and tonalites of the
Bald Roek batholith nesr Bidwell Ber, California, are not

a result of mechanical abrasion or impact, but rather are
products of incomplete orystallization. The rapid decrease
in heavy mineral content in adjacent limestones further
supports the idea of initial pyroclastic origin,

Magnetite is present in many samples as intergrowths
with bilotite and leucoxene and as individual ecuhedral
crystals. Small anhedral ¢iains of hematite and chlerite
are occasionally found but never constitute a major portion
of the heavy mineral suilte, Fluorite with its characteristio
octahedral cleavage is prenenf in trace amounts only.

Biotite, magnetite, leucoxene, apatite, and zirocon
are commonly associated with intermediate to acid volcanic
rocks and their abundance heré only attests to the pyro-
clastic origin of these Sodo. Hematite and fluorite,
sbundant in the insoluble residues of adjacent limestones,
are detrital, No ocharacteristic physical properties of the
heavy minerals was found to be conliltoﬁtir useful for
stratigraphic correlasféns |
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Trace Element Study

Elemental analysis by X-ray fluorescence spectro-
scopy prowides both a quantitative and qualitative
evaluation of compositional variations in minerals to a
high degree of accuracy, By bombarding a specimen with a
beam of X-rays, the specimen itself takes the place of the
target metal in normal X-ray diffraction, Characteristic
radiation from the sample can then be analyzed by first
passing 1t through the crystal lattice of any one of several
substances, and then recording the widened spectrum as 1t
is sensed by a flow-proportional counter tube, The results
appear in graphical form as a series of peaks, each rerre-
senting the energy of a particular wavelength emitted by
the various elements. By comparing the peak heights with
standard mixtures quantitative results can be obtained.

A QGeneral Electric X-RD-£ X-ray unit adapted to
fluorescence spectroscopy with a chromium tube was used
for this study. The apparatus operated at 50 kv and 40 ma
with a 2 second time constant and 500 counts per scale,

A lithium fluoride analyzing crystal was used for most of

the work., During these analyses proper equipment was not
available for work in a helium atmosphere required for many
of the lighter elements on the periodic chart, Consequently,
data for Ca, Mg, Na, K, Si, or Al are not presented, although

this certainly would be useful information.

Reproduced with péfaigsion of the copyright owner. Further reproduction prohibited without permission.



-99-

Over the energy range studied the most characteristic
peaks belong to Cr and Fe., The first 1s a function of the
chromium X-ray tube and so is present in all patterns.

Some iron contamination is also contributed from the tube
and must be subbracted from the total Fe content, Iron
wai3 not measured for comparative purposes because 1t was
felt that the slightest degree of weathering might effec-
tively change the iron content and prevent 1t from being
a reliable parameter for K-bentonite correlation,

Titanium proves to be the most useful trace element
for study since 1t is present in great enough quantities
to be detected easlily and yet is not subject to easy
mobilization., Figure 24 shows several patterns super-
imposed one on another for comparative purposes., Intensity
measurements in terms of scaler counts per 10 second
intervals are given in table 6 and can be considered to
indicate relative proportions of Ti in each sample., For
more quantitative control, a 1 per cent mixture of TiOp
(AR) and K-bentonite was prepared and the TiKa peak
intensities measured to show the degree of peak height
contributed by a known amount of titanium. TiO, powder
was first mixed with water to insure a homogeneous distri-
bution in the sample and then thoroughly mixed with an
accurately weighed amount of K-bentonite that had been
lightly ground to pass through a #200 screen. This process
was repeated five times with five different K-bentonites
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Table 6. x-fay Fluorescence Spectrographic Data

Sample No. TiKx Intensit %r1
—_— (Mﬂﬂ_!ﬂj —_
0

KB-2A 178 0.21
KB-1B 238 A2
KB-2B 300 Oogg
KB-R: 330 0.
KB-1C 160 28
KB-2C 308 0.54
KB-30 290 0.2%
KB-1D eTe 0.
KB-2D 255 0.42
KB-2BE 305 0.2“
KB-1F 250 0.
KB-3F 307 0.54
KB-1G 328 0,61
KB-2G 2 0,46
KB-3G 137 0.24
KB-11I 150 0.26
KB-2K 6 0.52
o st oz
KB-.21 230 0.40
KB-41I 2 0.43
KB-1J 130 0.23
KR-4T 313 0.5
KR-6 05 0.2
KR-8 B35 0.41
KR—QH 2 0. 42
KR-QT 200 003
KR-9-3 215 0.
g-il ﬁgg 0.

- o. 1
KR-1 332 0.58

)
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and the additional counts per 10 seconds in the TiKw peak
at 86,2° 20 were averaged. Allowance was made for the
oxygen contribution from TiO, and a filgure of 570 was
calculated for the number of counts in 10 seconds repre-
sented by 1 per cent titanium (table 7).

On this basis fourteen K-bentonlte specimens were
chosen from the uppermost horizon in the Tyrone limestone
over a distance of approximately 120 miles from Hamilton,
Ohio, to Camp Nelson, Kentucky, in Jessamine County.
Quantitative calculations were made and are shown in
figure 25. The most noticeable feature is a consistent
increase in the amount of Ti going from north to south
(fig. 25). Not enough samples were analyzed to give a
more definite directional trend than "southerly", but
at least i1t does seem to be consistent with, and to
substantiate, the inferences made by earlier authors that
the source for Ordovician volcanic ash was in the south-
eastern part of the United States, It is to be expected
that the ferromagnesian minerals will decrease in abundance
aweay from the volcanic source, while the lighter particles
willl be carried much farther, Similarly the proportion
of trace amounts of elements carried by the heavy minerals
should reflect this regional trend. Additional work along
this line is needed to delineate more accurately the source

direction.
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Table 7. Intensitles of Ti Ko, peaks measured 1n counts
per 10 seconds due to addition of 1% T105.

Sample No, Normal Count 2 gm + 1% T10o Difference

KR-9T 200 1008 808
KR-11 250 1074 824
KB-1I 153 996 843
KB-1H 150 980 830
KB-1C 160 1013 853

Average = 832 counts per 10 seconds for 1% TiO2.
Correctlion for amount contributed by pure Ti
only glves equivalent average count of 570.

In order to find where the tltanium was belng released
in the samples, biotite from the same horilzon but 90 miles
apart were examined for titanium content (fig. 24). The
Kx peak of KB-1lE has an intensity of 2230 counts, and for
KR-4, 3140 counts. This 1is a substantial increase over the
clay samples and indicates a considerably larger tltanium
content. Furthérmore, for the blotites, the proportion of
TL (5.51% for KR-4 and 3,91% for KB-1E) is roughly equiva-
lent to the trend observed in the clays. Hence, the trace
amount observed in the clay structures 1s a reflection ¢f
the overall distribution in bilotite. Undoubtedly, leucoxene
also contributes 1in a simllar fashilon.

Ti 1s not an exchangeable ion in the clays as attempts
to remove it with ammonium acetate were unsuccessful, but

rather 1s contalned somewhere within the clay structure
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itself. It 1s suggested that a separate study of the trace
element distribution in the heavy minerals might be even
more revealing in terms of the source direction of ash,
since the percentage of tilitanium 1s much larger and less
subject to small sampling errors.

Herrin (1957) has correlated Cretaceous bentoniltes
in Texas over short distances using Ca:Mg and S1:Al ratlos.

There 1s no reason why this kind of approach could not be

taken here,
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ORIGIN OF CLAYS

The devitrification products of volcanlic ash are
known to vary in composition dependlng upon the balance
of geochemlcal factors in the environment of deposition.
Kimpe, Gastuche and Brindley (1961) have shown that low
temperature and pressure synthesis of aluminum and magnes-
lum silicates produces various proportions of gel and
crystalline phases, Wlth aluminum, the gel phase 1is the
more abundant and identification of the crystals 1s possible
only by electron diffraction; with magnesium the ylield in
crystals 1s much hlgher and X-ray diffraction can be used.
The propertles of the gels influence the kinds of crystals
synthesized, with the maln factors belng pH, salt concen-
tration, and the ratio of aluminum or magnesium content
to the silica content. For aluminum, the change from a
six~fold coordination to a four-fold coordlnation increases
with pH, Kaolinite appears at low pH, where the six-fold
coordinated structure of aluminum 1is stabilized., At higher
pH valueé, a "mica-like" clay mineral appears, while the
four-fold coordinated alumlnum increases in the gel struc-
ture, Apparently the low yleld 1n crystalline phase 1is
controlled by the solubility of silica as 1s the formation
of a 1:1 or a 2:1 lattice.

In the geologic record it 1s noticed th;t K-bentonltes
are recognized primarily in the Paleozoic while montmorillonitic
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bentonltes characterize later perlods., Some exceptions

are noted (Zen, 1959) but are rare. Weaver (1953)

suggests that the predomlnance of carbonate sequences

in the Paleozolc compared to the Mesozolc 1lndicates a
longer exposure to sea water for the older clays and'hence
more opportunity to retailn potassium from an environment
saturated with calcium. For the younger bentonites a more
actlve geologlc environment would 1lnduce more rapid depo-
sition and hence less susceptibility to K*'adsorption.
However, not all K-bentonites in the Paleozolc are preserv-
ed 1n carbonate Sequences, indeed 1in Virginia, K-bentonlites
are found within the Martinsburg shale and in simllar
clastic sequences farther south (Ross, 1928, 1955; Kay,
1935) and in the upper Mississippl Valley (Kay, 1931).

It appears doubtful that a majorlty of potassium
could have been added diagenetically after the clay had
formed, slnce under these conditlions one would expect to
find the permeabillty of the clay a factor in determining
Kt adsorption and hence a definlite change in the expandable:
non-expandable layer ratlo through the vertical section
of a single bed, Similarly, for a large amount of potassium
to have replaced dlvalent calcium would require a rather
hlgh concentration of potasslium locally. It 1ls suggested
that this could arise only as a result of botassium
contribution from the volcanic materlal 1itself, and could
not be dependent upon the "normal" concentration of K* in

sea water.
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CONCLUSIONS

The following conclusions and suggestions are

drawn:

l. K-bentonlite found in middle Ordoviclan rocks variles
considerably from other 2:1 clays in both mode of
orlgin and physical-chemlical properties. It is
essentlally a dioctahedral 2:1 clay composed of
randomly inter-stratified swellable and non-swellable
layers in proportions varylng between 2:3 and 1:3,
the former with calclum in the exchange position and
the latter contalning potassium derived from the
devitrification of volcanic ash, K-bentonite is
easlly recognized from hydrous micas, montmorillonltes,
and "mixed-layer'" degraded micas by X-ray diffraction,

DTA,'cation exchénge, and electron micrograph propertles.

2. K~bentonite appears to be a fairly stable structure
with additional K-adsorption limited to less than 10
per cent, Cation exchange data indlicate low tetra-
hedral substitution and high octahedral substitution,
Disagreement of analytical data appears most reasonably
éxplained in terms of recent structural re-evaluations
of 2:1 layer lattice silicates, It 1s suggested that
K-bentonilte doés not represent one stage in a continuum

between montmorillonite and "illite” but rather is
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confined Yo a narrow compositional range between

these two and distinct from them representing the

type of material initially formed through devitri-
ficatlon, and hence should be considered for classi-
filcation as a separate unit in a general classificlation

of the clay materials,

3. Correlation on the basis of clay mineralogy alone
1s not promising since regional conslderation shows
vertlcal conslstency in properties from one horizon
to another but slight lateral change in layer ratlos,
K-bentonites are distinguishable from detrital clays
however, Heavy minerals show no substantial strati-
graphic parameters with the exception of blotlte
concentration in the uppermost horizon in the Tyrone
limestone. Trace element study may offer the best

hope for development of correlatlon parameters.,

4, A southerly increase in titanium content correlates
with an increase 1n the thickness of K-bentonite
beds 1n that dlrectlon and is consistent with earlier

suggestions of a southeastern source direction.

5. Future 1investlgalions should concentrate on trace
element analysis and detalled structural lnvestigation

of the clay mineral structure.
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