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ABSTRACT

K-bentonites are the altered remnants of Paleozoic 
volcanic ash deposits found throughout much of the eastern 
United States. The present study is concerned with 
deposits occuring in rocks of middle Ordovician age 
in southern Ohio and central and northern Kentucky.
Here, two prominent horizons are noted which appear equiva­
lent to more numerous zones in rocks of the same age further 
to the ea3t. As volcanic ash falls represent essentially 
an instant in geologic time it is desirable to find out 
what correlation parameters are present in them that can 
increase their usefulness in long range stratigraphic work.

In addition little is known about the nature of the 
K-bentonites themselves, except that they are composed 
predominantly of a mixed-layer, dioctahedral, illite- 
montmorillonite clay with minor amounts of volcanic minerals. 
Further information relating to the source of these deposits 
is also desired for purposes of more clearly outlining the 
paleogeographic setting of this region 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 lattice during the early stages of 
ash devitrification. The resultant collapse of 60-70% of

the swellable layers produced a mixture of mica-like
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structures and expandable montmorillonite 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 substitution and low tetrahedral substitution in 
the basic lattice. Coupled with a recent re-definition 
of the controlling factors in the fundamental mica stage 
in a diagenetlo continuum between montmorillonite and 
illite, but rather are confined to a narrow range of 
composition between but separate from them. Accordingly, 
it is proposed that any general structural-chemical 
classification of clay minerals should provide separate 
status for this particular type of clay.

Insoluble residue studies show a rapid decrease 
in volcanic constituents within limestones adjacent to 
K-bentonlte zones. The accumulation of chert above and 
below the zones is attributed to the release of silica 
during post-deposltional devitrification.

Concentrated biotite within the uppermost horizon 
studied serves as the only indigenous parameter so far 
available for directly correlating any of the K-bentonite 
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 is correlated with previous interpre­
tations of a *outheasterly source for the original volcanic 
material.

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

Altered volcanic ash or bentonite Is commonly recog­
nized throughout the western United States In rocks of 
Cretaceous and Tertiary age. The primary component in these 
deposits is montmorillonitic clay with attendant minor amounts 
of volcanic glass shards and numerous heavy minerals commonly 
associated with rocks of volcanic origin. Beds of similar 
appearance are reported in rock-3 of Ordovician, Silurian, 
Devonian, and Pennsylvanian age. Ross (1928) lists the 
criteria for recognition of theae older beds as, "presence 
of glass relict structure, presence of minerals and crystal 
forms characteristic of volcanic rocks, absence of minerals 
that do not have a volcanic origin in the same specimen, 
waxy luster, slaking reaction to tlater, and certain optical 
and chemical properties."

Paleozoic volcanic ash beds east of the Mississippi 
River were first described by Ulrich in 1888 and then ex­
amined in more detail later by Nelson (1922), especially 
in Tennessee, Kentucky, and Alabama. Nelson estimated 
that the bentonite horizon at the top of the Carters lime­
stone of Lowvllle age extended over a three hundred thousand 
square mile area representing deposition th&t was essentially 
instantaneous in geologic time, thus providing ideally a 
time-stratigraphic marker more accurate than any faunal 
zone. Nelson cited the northernmost extent of the bentonite
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as Highbridge, Kentucky, but suggested that further work 
might reveal its presence in Ohio and Indiana.

Later investigation by Bonnie and Hoxiess (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, Virginia, and 
Georgia, while Allen (1932) and Sardeson (1924) described 
Lowville bentonite from Iowa, Missouri, Wisconsin, and 
Minnesota, Ross (1955) and Allen (1932) further suggested the 
same beds might be found in Michigan, Oklahoma, Arkansas, 
Louisian^ and Florida, in view of the widespread distribu­
tion of middle Ordovician limestone and the conditions 
necessary for preservation of finely divided volcanic ash.

Initial chemical, X-ray, and optical analyses made 
by Kerr (personal communication in Ross, 1928) and later by 
Ross and Hendricks (19*15) established the presence of clay 
minerals of the montmorillonite group, namely montmorillonite, 
beldelllte, and "probably a third unnamed clay mineral" rich 
in potash, with montmorillonite being the dominant constituent. 
Subsequent study by Bradley (19**5) suggested the unexplained 
clay mineral mentioned by Ross was easily accounted for if 
the entire clay component of the bentonite was considered in 
terms of a randomly interstratified, dioctahedral "illite"- 
montmorillonite structure with non-expandable "lllite" forming
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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 montmorillonltlc in nature.
A concluding suggestion was made by Bradley (19^5) that some 
sort of dlagenetic adsorption of non-exchangeable potassium 
in the interlayer position of the clay lattice would cause 
a collapse of the swellable layers in a non-uniform or ran­
dom sequence resulting in an "lllite"-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 
since consideration 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 Virginia had Indeed undergone slight metamorphism subse­
quent to deposition, and so proposed the term "metabentonite" 
to distinguish those beds where additional compaction and 
alteration along bedding planes had occured. Supposedly, the 
less competent bentonite zones had served as "lubrication" 
planes during periods of folding and low-grade metamorphism 
toward the end of the Paleozoic. Unfortunately, although "meta 
bentonite" was intended to apply cnly to these utique circumstances 
(personal communication, 1962), it nevertheless has been widely
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adapted in the literature as a name for any occurence of 
potassium-rich altered volcanic ash.

Recently Weaver (1953) has re-examined samples of 
Ordovician bentonite and associated limestones in Pennsylvania 
in the light of modem 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 "metabentonite11 should be abandoned in the literature 
in favor of "K-bentonite" or "potassium bentonite." Using 
recent experimental data Weaver calculates the ratio of 
"illite" to montmorillonite-type structural layers at approxi­
mately lj.:l.

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:

1. 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.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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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 ash 
beds in terms of source area and in terms 
of post-deposltlonal physical and chemical 
changes.
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GEOLOGY OF K-BENTONITE IN THE AREA OF STUDY

The areal distribution of sample localities is 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 surfaoe water contamination 
making fresh core samples preferable to those oollected from 
outcrops. Exposures In recent road outs, new quarries and 
the like, however, often prove adequate.

The K-bentonites vary from inoh 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 Interior, investigations of fresh 
drill cores from northern and central Indiana and discussions 
with gas and oil company employees suggest that the K-bentonlte 
horizons In this stratlgraphic range become much thinner in 
south-central Indiana and are absent west of Bloomington.
Similarly they are absent north of Fort Wayne auid are unknown 
in the Michigan Basin.

Llthologloally, K-bentonlte consists predominantly of 
very fine-grained clay matrix whioh in fresh samples is hard, 
blooky, and often breaks with a conchoidal fracture. Occasionally, 
a crude stratlfioatlon is produced by bands of concentrated 
biotite and other heavy minerals. K-bentonite varies in color
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Flguro 1. Nap showing distribution of.sanpls looalltlss
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from a dark graylah green through greenish gray to light 
gray and even a light tan in some instances. Horlsontal 
oolor zonation does ooour within one partloular horizon of 
K-bentonlto but forsis no oonslatent pattern that is every­
where recognizable. An X-ray fluorescence speotrography 
study shows that the dark green days have a higher iron 
content than the lighter colored ones.

Stratigraphy

Two prominent bentonitic horizons are recognised in 
outcrop and in the subsurfaoe near the contact between 
middle Ordovician rooks of Trenton and Black River age 
throughout muoh of the eastern midoontlnent • Figure 2 shows 
dlagrammatloally the lateral relationships of these rooks 
in the study area. The upper Black River Tyrone (upper 
Lowvillo) limestone in central Kentucky and southwestern 
Ohio is a massively bedded, dense, fine-grained, dove- or 
cream-colored, sub-lithographic, limestone with small nodes 
of coarsely crystalline "blrdseye” oalolte. Its total thlok- 
ness is about 85 feet. On weathering the surface turns 
white, in whioh the darker nodes are conaplouous, giving rise 
to the name "blrdseye" limestone. Figure 3 is a columnar 
section of middle Ordovician rooks in Kentucky, after MaoFarlan 
(19^3).

Rare reoognlzable fossils in the Tyrone, listed by 
MaoFarlan (1943), include "Strophomena" lnourvata, "Orthish
trloenaria. Rhlnldlotya nioholsonl. Phyllodlotya frbndosa.
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Escharopora ramosa, Leperdltla fabulltes, Tetradium cellulosum, 
and the cephalopoda Endoceras, Actinoceras, and Cameroceraa»

Within the upper five feet of the Tyrone Ilea a fairly 
persiatent K-bentonlte horizon ("Mud Cave") varying from 32 
inches thick in central Kentucky to about 6 inche8 in south­
western Ohio. This horizon is exposed in a railroad cut at 
the A.P.X. Project 49 reference locality (Kerr, et alt 1951) 
south of Hlghbridge, Kentucky, and in numerous other railroad 
cuts in that vicinity. Thickness data should be taken with 
some caution however, since local concentrations and attenua­
tions, presumably a result of current action following depo­
sition, are common. For instance the 21 inch K-bentonite 
(KR-4) at the top of the Tyrone at Lambert Bros. Quarry n«ar 
Athens, Kentucky, (Fayette Co.) is absent entirely in an 
abandoned quarry at Camp Nelson, Kentucky, only to reappear 
again in its thickest outcrop at Hlghbridge (KR-10).

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

Above the Tyrone limestone in Kentucky lies the Curds- 
vllle limestone (figure 3 ) whose coarsely crystalline texture, 
medium to heavy bedding, and locally abundant chert
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stand In marked contrast to the rooks below. Thickness Is 
about 20 feet. Characteristic fauna Include "Orthls" 
trlcenarla. "Dlnorthls" peotlnella. Rhynchotrema subtrigonale.
"Streptelasma"nrofundum. and "Sowerbyella" ourdsvlllensls.
A similar sequence Is recognized In the basal Hermitage 
(middle Ordovician) of central Tennessee (MaoFarlan, 1943)*

The relationship between the Curdsville and Tyrone, 
however, is not always obvious. MacFarlan (1943) reports a 
local basal "conglomerateN In the Curdsville Incorporating 
Tyrone fragments while In ether places, both outcrop and 
drill oores, the oontaot appears to be a gradational one.

Several K-bentonlte horizons are known In lower Trenton 
rooks In Pennsylvania and New York (Weaver, 1953; Kay# 1935) 
but sore virtually unknown In Kentucky and Ohio. Young (1940) 
has reported one horizon about 25 feet above the top of the 
Tyrone In the upper durdsvllle, but this was not sampled In 
the present study.

A tendency to recognize only one K-bentonlte zone at 
any particular stratlgraphlo horizon has led to extremes In 
long-range correlation (Kay, 1931)* However, as Interest In 
the stratlgraphlo value of K-bentonlte was aroused and more 
field studies were made, It became Increasingly evident that 
such horizons were more numerous than had originally been 
observed. Recent studies show 16 K-bentonltes In the middle 
Ordovlolan of central Pennsylvania (Weaver, 1953)# and similar 
multiple zones within the same stratlgraphlo Interval In

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



16-

Tennessee (Caldwell, 1936), New York, and Ontario (Kay,
1935).

The ooourenoe of upper Blaok River K-bentonltee In 
the subsurface of the Cincinnati region provides an Interest­
ing opportunity to study the various properties of two 
distinct horizons whose strktlgr&phlo 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 stratlgraphlo section In 
Pennsylvania and New York Is characterized by numerous 
K-bentonlte zones whose correlation even over short distances 
presents many problems* The same seems to be true for the 
Tennessee seotlon* 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 
stratlgraphlo markers*

Correlation by K-bentonlte In Ordovician rooks 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 rook strata a-typloal of the seotlon* However, 
these are found to be Inadequate criteria for accurate Identi­
fication of Individual beds, and so an attempt must be made 
to searoh for new and more definitive parameters*

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

Structural Peaturee Am Revealed By X-ray Analysis
X-ray diffraction and fluorescence spectrography 

serve as Invaluable tools In analyzing and Interpreting 
variations In the atomic geometries that characterize various 
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 dlffraotlon 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 is achieved* 
If these particles are not so oriented, then preferential 
Intensity of reflections will occur for those partioles 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 partioles, and 
attempts to prepare even a moderately randomally oriented
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speolmen entail great difficulty (Grim, 1953). Consequently, 
use Is 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 Imagined, 
there are both advantages and disadvantages 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 minerals are hydrous layer-lattlce silicates 

belonging to the general subgroup of phylloslllcates* In 
most works on sedimentary petrography the term "clay" Is 
used to define partioles less than. 1/236 mm In diameter or 
approximately less than four mlorons* However, when It is 
considered that the micas and olays are Inseparably linked 
by common structures and chemistry, 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 "clay size" 
partioles Intermixed with hydromloas and montmorlilonlte*
One need only study the weathering history of muscovite or 
blotlte to realize this Is so*

Historically, classifications of olays have been based
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upon structure, particle size, composition and physical 
properties such as water sorption, morphology, and oom- 
presslonal strength. Common practice among ihlneraloglsts 
today Is to maintain 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 silicates was 
produced by Pauling (1930) in his analysis and derivation 
of the mica structure. Subsequent details which serve to 
further separate the numerous groups are reviewed and dis­
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 Si04 tetrahedra (fig. 4) 
interlayered in various proportions with sheets of bruclte,
Mg(011)2# or gibbsite, Al(0H)3. Figure 4 illustrates the 
c-axis geometry of these units. The Sl-0 atoms are linked 
in tetrahedral coordination and the Mg+2 and A1 atoms are 
in octahedral coordination. Al*3 atoms usually occupy a 
dioctahedral arrangement, that is, two out of the three

Vpossible cation sites in a structural repeat unit are filled, 
whereas Mg+2 commonly fills all three and hence is said to 
be in trioctahedral coordination.

The kaolin group is characterized by a 1:1 combination 
of Si-0 and A1-0H layers• Si-0 tetrahedra are arranged such
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that allaylaaa paint "dawhward? add yraxy
far aatehadral hydraayia*

Tha wucaaTita-?ilUtaV»nat*azlllaaita group m  tha 
•ttwr hand cikRlilfe baaloally af an aatahadral A14I layar 
aaadwlohad in batttaan tha •&«* ahaata with agdaal axygaaa 
again aubatltutlng far aatahadral hjdraxyla(flg« $)# fhla 
2il arrangaaaat la fnrthar awbdlrldad aaaardlag ta tha tjpaa 
af lntarlattloa aubatltutlaaa (<— inly ftl+3 far lit Mia 
tatrahadral layar and hg+a# V a ^ # Za>2# HI*2, and U *  far 
dl+3 la tha aatahadral layar) whlah aaaur aa a faaatMti of 
tha anrtraaawat lnwhlah tha atruataraa faraad* da a raaalt 
af WMgpgl ralanaa aabatltvtlana, aaah aa hg+2 far dl+$, 
a aagatlva raaldwal aharga raaalna la bath aatahadral aad 
tatrahadral layara* Thla daflalaaay la ta varying-ddj|ptda 
aatlaflad by tha adaasptlaa af aa*aallad aaahjpagaafri* aatlaaa 
aaablaad with watar la tha latarlayar paaltlaa (flg«$) 
whara aaly waafc alaatraatatla baada hold tha ahaata tagathar.

Ohlarltaa dlffar fraai aaafarlllaaltaa la having a 
2tl aaadwlah af Si-0 and hg-0 aaata with aa addltlaaal %- 0  
layar aaauyplng tha latarlayar axahaaga paaitlan la plaaa af 
aaahangaabla aatlaaa* Baaaa ahlarlta daaa aat hava tha ability 
ta vary tha anauat af latarlayar watar and praduaa an azpandabla 
lattlaa aa daaa aantaartlianlta, but rathar faraa a %yittla" 
alaa. Za addition, auhitltutiaaa la tha aatahadral layara 
ara allghtly dlfftraat tvm thaaa la aantnarlllanlta♦ Ohlarltaa 
ana daalgndtad t-layar ar Stl layar aillaataa in aaat aahaaaa af 
alaaalflaatlan (tablal).
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Crlterla Por Recognition of K-bentonlte by X-Ray Diffraction 
Msmomlnerallo elays produce a aeries of basal reflec­

tions In a definite integral; sequence that Is characteristic 
for each clay mineral type, As an example, "illite" has a 
prominent (001) peak at 10A, (002) at 10/2 or (003) ab 
10/3 or 3.3A, (004) at 10/4 or 2.5*, (005) at 10/5 or 2X, 
and so on* These reflections are a function of the lnter- 
planar distance d and do not ordinarily vary for each
particular clay type* Kaolinlte (table 2) has a diagnostic

• osequence starting from 74 and chlorite a series beginning at 
14A* Since the (002) reflection for ohlorlte falls at 14/2 
or 7&,the same as (OOl) for kaolinlte, certain interpreta­
tive problems arise which are best solved by Instituting a 
series of chemical and heat treatments whose reactions 
depend upon basic oosqposltlonal and structural differences 
between the two olays (Warshaw and Roy, 1961)*

In addition to the standard day mineral groups, there
exist oer^xln mixed-layer structures which possess characteris­
tics common to two or three separate clay speoAes. Hendricks 
and Teller (1942) and Bradley (1945) describe the possible 
combinations that might exist* Generally all 2:1 clays may 
be thought of as essentially the same kind of structural 
•tamot with different Interlayer spaolngs being determined by 
the cations present In the exchange position, e*g*, K * 
"Ullte", (H|g,Al) (0H)2 ■ chlorite, Ca*2 , Na^, Ife*2, and
» 1 . . . .

^2° 9.montmorlllonlte and vermloullte* Ift the case of the
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non-mixed-layer claya, all exchange sites will he occupied 
by the same type of cation* However, If some layers oontaln 
K ("Ullte") and others oontaln Ca and HgO (montmorlllonite), 
a mixed layer struoture Is formed* Many mixed-layer olays 
exist and have been reported In the literature (Weaver, 1956)* 
Common ones Include llllte-montmorlllonlte, illite-ohlorite, 
chlorite-montmorillonite, ohlorite-vermiculite, and illite- 
ohlorite-montmorillonite.

Table 2* Diffractometer Spaolngs for Kaolinlte, Illite, and 
Chlorite*

Kaolinlte Illite
da *rel

odA I , rel
7.14 100 10.0 100
4.44 22 4,98 36
4.34 28 4.47 ??
4.16 32 3.66 28
4.12 29 3.51 33
3.83 16 3.30 47
3.72 15 3.19 37
3.57 73
3.37 16
(Kerr, et al, 1951) (Kerr, et al,

Chlorite 
I.odA rel

14.1-14.7 70-40
7*07-7.1*4
4.72 
4.59 
3.54 
2.84

90
7010
10-90
25-50

BAsal reflections from mixed-layer clays produce 
anomalous 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 easily interpreted in terms of
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their "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 in sedi­
mentary rocks, those composed of regularly lnterstratlfied 
clays which produce basal reflections in an integral sequence 
and those composed of randomly interstratified layers pro­
ducing a non-integral series. In both cases the (OOfc) values 
are averages resulting from the combined reflections 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 
point 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 (19̂ +5)*
Hendricks and Teller(19^2), and MacEwan, Amil and Brown (1961) 
in their development of the theoretical basis for the inter­
pretation of interstratified clay minerals.

For both muscovite and "illite" a moderately high
degree of A l+ 3 for Si+^ substitution in the tetrahedral layer
produces a strong residual charge on the interlayer surface, 
fbtaaslum satisfies a major portion of this charge by filling 
the inter layer sites and thus prevents any expansion through 
the addition of water. Dloctahedral montmorlllonltes fbrthe 
most part have a much weaker surface charge density generated ty 
replacements taking 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 montmorlllonltes and 
those dioctahedral 2:1 expandable clays derived from muscovite 
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 montmorilIonites. True montmorlllonltes 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 montmorlllonltes and in part controls 
the degree to which interlayer cation adsorption takes place.

Oriented K-bentonlte clay samples were run on a 
General Electric X-RD-5 diffractometer with nickel-filtered 
CuKm. ( X =  1.54050 8 )  radiation. The copper X-ray tube was 
operated at 40 kv and 16 m& with a function of XI and a 2 
second time constant for the flow proportional counter.
Chart speed was 2° per minute with linear scale recording.
The beam slit 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 0.2<> 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
O OK-bentonlte vary between 10.9A and 12.2A with the majority 

falling near 11.1A (table 3). Similarly, (002) and (003)
O Opeaks fall in a non-integral series near 5*05A *nd 3*29 A 

respectively. In all cases the first order reflections are 
the most Intense, sometimes to the praotlcal exclusion of 
succeeding peaks. The position of the (060) reflection at

e1.50A Indicates a dloctahedral arrangement of octahedral 
cations (Weaver, 1953). Variations in degree of crystal- 
linity are revealed through slight broadenlngs and sharpenlngs 
of the (001) 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 monomlnerallc 
packets, as are found in some soils, rather than a structural 
Interlayering.

If this were the 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 fend to identify them by 
X(*ray methods. Secondly, it is well known that saturation 
of montmorillonlte 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-bentonltes

Sample No. Untr. K Na
KB-1AT 11.1 10.6KB-lAoKB-1BT 11.2 10.911.2 11.0KB-IBM 11.0 10.5KB-IBB 11.0 10.6KB-1CT 11.0 10.9KB-1CB 10.9 10.8KB-ID 11.0 10.9KB-1ET 11.1 11.0KB-1EM 11.2 10.8KB-1EB 11.0 10.6KB-IP 11.0 10.6KB-10 11.0 10.9KB-1H 11.0 10.9KB-11 11.0 10.9KB-2B 11.0 10.8KB-2D 11.0 10.8KB-2ET 11.1 10.8KB-2EM 11.0 10.8KB-2EB 11.0 10.6KB-2P 10.9 10.8KB-20T 11.0 10.7KB-2QM 11.1 10.9KB-2QB 11.1 10.7KB-2H 11.0 10.6KB-21 11.1 10.8KB-3B 11.0 10.6KB-30 11.1 10.9KB-3E 11.2 10.8KB-3FT 11.1 10.7KB-3FB 10.9 10.7KB-30 11.1 3.0.9KB-3H 11.1 10.8KB-4I 11.0 10.8KR-9T 11.9 11.2KR-9M 12.2 11.4KR-9B 12.1 11.2KR-9-2 12.2 ll.lKR-9-3 12.2 11.1KR-10 11.7 11.2KR-11 11.9 11.2KR-13 11.2 11.1KR-14T 11.5 11.2KR-14M 11.5 11.1KR-14B 11.2 11.2KR-15 11.6 11.4

1.2
1.21.21.21.2
0.91.0
1.11.1
1.1
0.91.01.21.01.21.0
0.90.90.91.01.1
1.11.01.11.21.21.01.10.91.3 1.0 
1.1 1.2 1.1 2.1 2.1
1.31.71.51.7 2.01.4
1*i1.61.6
1.5

Ca
10.8
11.1
10.910.9 10.8 10.8
10.9 11.0 10.Q 10.8 10.8
10.910.910.910.9 10.8
10.910.9 10.810.710.8
10.910.910.810.8 3.0.910.810.910.810.8 10.8
10.910.910.9 11.1 11.2 
11.1
11.0 11.2 11.211.1 11.1
10.910.9 
11.0 
11.2

12.112.111.6
11.3 12.1 12.1 12.0 12.0 12.0
11.711.911.9 12.0
11.911.9 12.011.8 11.8
11.5 11.8
i:L-911.8
13-911.8
11.911.911.4 
12.011.6
11.7 12.0 12.0
11.911.712.5 12.1
12.3 12.1
12.312.3 12.0 
12.1
12.3 12.1 
12.1 
12.1
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ad verse chemical effects. So the glycolation of K-bentonlte 
should expand the montmorlllonltlc 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 montmorlllonite (Kerr, et al., 
1951).

Ultracettfc&lfuge 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-Qyorkyl and Blum continuous flow system, 
which permits separatory speeds 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 ultrasonic vibration, into the centrifuge 
rotor Inlet, and selective 200 ml samples were 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 is interesting to note that concomitant with 
decrease in particle size there is 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 is present and expand the lattice to a distance, for
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Figure 6. (001) peaks of sample KB-3F separated byoentrlfugatlcm at various speeds.
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oalcium montmorillonites, of approximately 17*7 angstroms 
(Bardshad, 1950). Hendricks and Teller (1942) and MacEwan, 
Amil and Brown (1961) have computed theoretical curves for 
random mixtures of 10/12.4&, 10/14.OA, 10/15.4A, 10/17.7A, 
and 7.14/lOA layers at intervals of 10 per cent. The two 
figures In each notation above refer to the (001) peaks 
contributing to the single reflection which is observed.
The formula as expressed by Hendricks and Teller calculates 
0, the mixing function, which represents the effect of the 
mixing of layers on the diffraction intensities.

Upon glycolation the (001) peaks divide with maxima
O oappearing at 9.5A and 13.OA. These peaks again reflect the 

intermediate position of the mixed-layer lattice between
o othe 10A non-expandable unit and one expanded to 17.5A with

Oethylene glycol. However, the position of the 9.5A reflec­
tion does not coincide with a (00l)/(00l) combination. 
Weaver (1953) bas suggested that a combination of (001)

o iffor the 10A unit and (002) for the 17.5A unit might better 
explain this peak rather than attributing it to the (003) 
reflection of a 28.5A spacing (10 18.5A) 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 10/17.5^ combined 
reflections give essentially the same percentage values for 
(002)/(003) peaks but slightly different for (00l)/(00l) 
peaks. Bradley (personal communication, 1962) suggests 
that on the basis of his own work that (00l)/(00l) S-shaped
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curve 8 should not he 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 standpoint the non-expandable to 
expandable layer ratio of K-bentonltes 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

Oexpandable layers collapse to a 10A spacing as the Inter­
layer water is driven off and the sequence of reflections 
becomes regular, indicating a uniformity of interlayer 
separation.

Misinterpretation of the glycolated samples could
quite easily lead to the conclusion that upon glycolation
the (001) reflections of the mechanoially mixed components
were distinctly separated since the (002)/(003) maximum

©
falls very near the (001) reflection for the 10A unit.
Careful measuring is needed to distinguish the two.

Discussion of electron microscope results will be 
covered in more detail later, but it might be mentioned 
here that comparison with published photographs of purified 
montmorillonite and "illite” specimens reveals morphological 
characteristics that are for the most part consistent for 
both large (l-2u) and small ( 0.25u) particles, and which 
bear a greater resemblence to "illite" than to montmorillonite. 
Such is to be expeoted 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- 
morlllonlte-type clays and not a mechanical mixture of 
discrete parcels.
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cat ion EXCHANQE AND NATURE OP THE INTERLAYER 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 dfcermlnants (l) 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 (i960) 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 Sl-0 sheet. Thus, when considering expansion 
properties, ionic size must determine largely the number of 
water molecules that can be included within the interlayer 
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*", Na*, N H ^ , and Ca** 
and air-dried give first order reflections respectively at 
12.OA, 11.9A, 12.lX, and 15.1A. When saturated with water, 
these maxima shift to 13.2A, 24-18A, 13.2A, and 18-19A. 
Na-montmorlllonltes were found to form gels upon wetting, 
consequently expansion varied with the concentration of 
the gel. So with the exception of Na-montmorlllonite,
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K- and NH^-montmorillonites appear to foster only one 
molecular layer of water, whereas divalent Ca can accomodate 
two layers.

The Ionic radii of K*, Na\ NH^ and Ca*£ are
1.33A, O.95A, 1.42A, and 0.99& respectively. Barshad 
(1950) has shown that Ions having the dimensions In the 
range of 1.35A (namely and NĤ J" ) tend to be associated 
with contracted layers whereas those smaller than 1. 35A 
(Na"1", Ca*2 ) will foster one to two molecular layers of 
water depending upon whether they are monovalent or divalent.

Table 3 shows the results of saturation of K-bentonlte 
samples In IN solutions of KOH, NaOH, NH^Cl, 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 appreciably affect 
the accessibility of Ions to the lndlvlual clay particles.

Untreated, air-dried samples show first order basal
a oreflections that vary between 10.9A and 12.2A. 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 distlnot 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 a resultant decrease in the value of 
the d spacing. (001) values for these maxima vary between

0 0 -f-10. and 11.4A. Treatment with NH^ produces a similar 
less complete collapse of the expandable layers with first 
order maxima ranging between 10.8A and 11.2A. Kfa is seen
to induce only mild collapse on some specimens and a peak

Cexpansion on others with peak values between 10.9A and 
• +2.11.9A. Ca on the other hand has the most profound effect

» o
in expanding layers between 0.5A and 1.0A. Ca-treated peak

• ovalues range from 11.3A to 12.5A.
The interlayer cation in the expandable layers appears

to be calciun, 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

o
for IO/17.7A mixed-layers whose expandable portions have been 
glycolated and 10/15.5A mixed-layers whose interlayer position 
is occupied by calcium and two molecular layers of associated 
water. The data for Na-montmorillonite do not correspond 
with the glycolation data.

Jonas and Roberson (i960) in discussing the importance
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of partlole also on tho expansion properties of olaya auggeat 
that "there la no raaaon to believe that the degree of lao- 
morphoue substitution la not a oontlnuoua variable in the olay 
minerals, ranging fro*>& nlnlmum In the olay equivalent of the 
tale^pyrophylllte nlnerala to the maximum In the olay mupoovlte- 
blotlte mineral*. If expansion la truly related to the oharge 
on the allloate layer and the oharge la controlled by iso­
morphism, then expansion propartlea ahould be viewed aa a 
oontlnuoua variable,” The auggeatlon here, then, la that the 
Idea of ”llllte” and nontnorlllenlte aa two dlatlnot Mineral 
apeolea with only baalo atruotural resemblances la an over- 
simplified generalisation of the iaonorphous relationships 
among the 2*1 olay nlnerala. However, the data aaaenbled 
on K-bentonltea plua aone reeent atruotural work (Radalovloh, 
1963) are not fully oonalatent with thla view. One would 
expect to find, for lnetanee, that the high aenaltlvlty of 
olay nlnerala to a particular geooheuloal environment ahould 
refloot alight varlatlona in oonoentratlon of oertaln Iona, 
both In terna of the amount of aubatltutlon within tho 
ootahedral layer and tetrahedral layer and In terna of the 
Interlayer oatlona preaent In exchangeable altea, Thla 
property haa been well denonatrated In atudlea by Milne 
and Karly (1958), Keller (1956), Weaver (1956, 1958) and 
othera conducted on olay nlnerala from recent sediments.
Por nontmorillonit-"illite" mixed-layer olaya atudled In 
the Oulf of Mexloo it haa been ahown (Weaver, 1958) that
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the "alteration" of montmorillonite to illite is merely a 
rejuvenation of degraded "illite"-musbovite which has 
undergone removal of interlayer 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 A1 for Si substitution in 
the tetrahedral layer and hence possess a high surface 
oharge density.

However, Ordovician K-bentonites represent silicate 
lattices formed as a result of the devitrification of volcanic 
ash of a probable latlte 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 in order to better understand the full significance 
of those K* ions which are exchangeable and those which are 
not. Agronomists are basically concerned with the cation 
and the relative ease with which it can be extracted from 
its interlayer site, hence with its fixation. On the other 
hand, mineralogists are Interested in the effects of the 
oatlon on the clay lattice itself and the implications 
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regarding the lattice composition which can he Inferred 
from the cation data. In a sense they are ooncemed more 
with contraction than extraction. It is 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 illustrates (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

Oa variation in contraction rather than fixation of the 15A 
units, since the uniform swelling reaction to Ca means 
the same interlayer dimensions can be attained under uniform 
conditions regardless of the initial dimension of the clay 
lattice. Figure 11 is somewhat anomalous in comparison with 
the remainder of the cation data since the untreated maxima 
of samples KR-9T through KR-11 are situated near the 12A 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 potassium, but it is also 
quite possible that these samples owe a higher Ca/lK ratio 
to either local environmental anomalies during formation 
or to subsequent dlagenetlo 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-lAg, nor are the reactions to K+ and MH^ 
exceptionally low. Henoe the degree of oontraetlon here 
does not neeeaaarlly reflect the amount of potassium fixation.
No studies were made of the lnfluenoe of partlole size on

%the degree of expansion of the olay lattices, so the lnfluenoe 
of this faotor oannot be considered. Additional work in this 
direction might prove Interesting In the light of studies 
by Jonas and Roberson (i960).

Treatments on sample KR-9T offer additional information 
on the fixation of some of the Interlayer potassium. First 
order reflections of the untreated sample occur at 11.9&. 
Suspension in a IN solution of KOH for five hours at 60*0 
allowed the maximum amount of potassium that could be adsorbed 
to place itself In the exchange sites of the tetrahedral 
layers. The sample was then washed three times In distilled 
water, decanted, and air-drled at room temperature. Contrao-

otlon resulted in a first order spaoing of 11.2A, a collapse 
of approximately 0.7&. However, saturation of the K-rioh

osample with ethylene glycol expanded the 15.5A units to the 
point where the total mixed-layer reflection oocured at 11.6^. 
Using the data of MaoBwan, Amll and Brown (1961) the calculated 
percentage of non-awellable units for the untreated sample 
with glycol was 760, while for the K-treated sample with 
glycol It was 800, giving a 40 Increase In non-expandable 
layers after treatment with potassium. This Is an lnslgnlfl- 
oant amount when It is considered that the Initial lattloe

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



-48-

was probably composed totally of swellable layers which 
shortly underwent contraction on the order of 70# to 75# 
by the adsorption of potassium.

So It might be assumed that although some additional 
adsorption of Interlayer cations such as K+, Na+, and NH^
Is possible In the lattice of Ordovician K-bentonite essentially 
all the vacancies for fixed potassium have been filled. In 
the light of the above statement by Jonas and Roberson (i960), 
then, it seems 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 its effect on the expansive 
qualities of the clay, but also the nature of the sites into 
which these ions fit and the ratio between the exchangeable 
and non-exchangeable cations in these sites.

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

First, however, it is important to consider what is 
meant by cation exchange capacity and how it 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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Lewia, 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
ducibility 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 
sieve.

2. Standard solutions are prepared of 0.1N HLSO^ 
and 0.1N NaOH, and then standardized. ^

3. Standardization procedure for normality deter­
mination of any basic solution is as follows:

a) Place approximately 0.9 gm. Potassium 
Acid Phthalate (AR) in accurately 
weighed beaker. Weigh both to deter­
mine exact amount of Phthalate.

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

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

d) Calculate normality:
Tltre x O.81688 _
Wt. of Phthalate

40 ,x 0.1 ■ True Normality
4. Take approximately one gram of pure clay and 

weigh accurately on an analytical balance.
5. Place sample on a filterpaper in a Buchner 

funnel and attach to a vacuum line.
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6. Slowly wash sample with 200 mis. of 2N Ammonium 
Acetate In 4 or 5 portions, allowing all the 
solution to he completely filtered before adding 
the next portion. (This Is best done with a 
wash bottle). Save the filtrate for cation 
determination.

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

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

9. Place end of condenser In beaker containing
23 ml. of standard Sulphuric Acid, making sure 
condenser tip Is Immersed In acid. Methyl
orange may be used as Indicator (3 drops).

10. Run approximately 23 ml. of concentrated (6N) 
Sodium Hydroxide onto the clay. Make sure 
sample Is completely submerged.

11. Distill for 3 minutes. Temperature should be
kept as close to boiling point as possible as
overheating will cause carryover of base droplets 
Into acid.

12. Back titrate excess acid with standard Sodium 
Hydroxide. If pH meter Is used, titrate to 
pH - 3.80.

13. Calculation:

— ----------x Normality of base x 100Wt. of Sample

* TEC in milliequlvalents per 100 gm.
14. 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 apparatus. This allows only vapor to 
•■cape into the condenser. Secondly, greater confidence 
can be plaoed in experimental results If each sample Is run
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ln 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 from time to time In 
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 represents 
25 ml. of 0.1N 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) is 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. Variations in grain size 
and irregularities in structure appear to increase the 
exchange capacity by providing a greater number of exchange 
sites on the particle edges. This is particularly true for 
kaolinlte and halloysite which have very little interlattice
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Flgure 12. Equipment used for exchange oapaolty determinations. 
A. Standard aold and base eontalners B* Sllloa gel moisture trap 0, Ammonia distillation apparatus D. Water circulation pump 8, Voltage oontrol for heat pods P. PH ueter
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aubatltutlon and hence fair negatively ohargad araaa within 
tha structure. For* thaaa alays the axohanga oapaolty 
lnoraaaaa aa tha grain alsa decrease* because of tha Inoraaaa 
In aurfaoa area and In tha muster of broken bonds. Hendricka 
(19*5) haa ahown that tha axohanga oapaolty of kaollnlte 
lnoraaaaa from about 2 meq par 100 gm. with a apaolflo 
aurfaoa area of 10 square meters par gram., to 8 meq par 
100 gm. with a apaolflo aurfaoa area of to aquara metera pgr 
gm. Reduotion In grain also together with dleordered lattioa 
atruotura tanda to produce a mineral anorphoua to X-raya.
Suoh minerals have higher axohanga oapaoltles than larger, 
batter oryatalllzad gralna of similar oonpoaltlon baoauaa 
of lnoreased aurfaoa area and more broken bonda. Natariala 
Ilka sllloa gal have axohanga oapaoltlaa In tha range of 
70 to 100 meq/100 gm. (Carroll, 1959)* However, thla kind 
of axohanga la probably related more to aurfaoa adsorption 
th*n to true oation axohanga.

Ion axohanga takes plaoa whan a solution containing 
cations oomes Into oontaot with a olay mineral aurfaoa.
Tha kind and amount of axohanga that takea plaoa depends 
largely upon tha ohamloal composition of tha structure. 
Carroll (1959) has summarised tha atruotural oauaes for 
oation axohanga aa,

1. Fnsatlafled valence produced by "broken bonds" at surfaoaa and adgaa of partloles.

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



-54-

Table 4. Base Exchange Capacities of Common Clay Minerals
(After Carroll, 1959)

Mineral
Kaollnlte

Halloysite(2Hg0fl
Halloysite(WgO)

Montmorlllonlte
Group

"Illite"

Vermiculite

Chlorite

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 
fences on edges of unit
As in montmorlllonlte plus 
deficiency of K*" between 
layers
Replacement of interlayer 
cations, substitutions in 
the units, and unsatisfied 
valences on the unit edges
Data poor. Possible defi­
ciency of charge due to 
substitution in bruclte 
layer

TEC (mea/lOO gm.) 
1-15

5-10

40-50

70-100

1-0-25

100-150

10-40?

Glauconite As in "Illites" 11-20

__________________________________________________________________________________________  j
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2. Unbalanced charges caused by isomorphous sub­
stitution of cations -- for example, Ar*"3  
substituted for Sl+4 #

3 . Dissociation of structural OH- radicals the 
H+of which may be replaced by metallic cations.

4. Accessibility of structural cations other than 
H* which become exchangeable under certain con­
ditions -- for example, at low pH values A I *  3 
ions move from the octahedral units to the 
exchange positions.

Hence the principal cause of cation exchange in the 2:1 
clays, montmorillonites, illites, vermiculites, is isomor­
phous substitution, whereas in the 1:1 clays, Kaolinite, 
halloysite, "broken bonds" are more important.

Additional considerations are discussed by Robinson 
(1962) who outlines the factors influencing cation exchange 
as:

1. Binding forces -- the forces that affect the 
stability of an ionic 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 
(c) inter-atomic repulsive forces also 
diminishing rapidly with the distance.

2. Accessibility of the lattice ions —  a single 
cation may be adsorbed by a clay mineral with 
a wide range of bonding energies, 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. Ionization of adsorbed cations —  only a small 
proportion of adsorbed cations is likely to be 
ionized 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 
anions,
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4. Relative size of ions —  for Ions of equal 
valence, the smaller ions are held less tightly 
than the larger ones.

5. Temperature —  generally has but a small effect 
on cation exchange.

6. 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 trlvalent cation, Is cited as an 
exception.

7. Atomic weight —  for elements of the same valence, 
replacing power of cations tends to Increase with 
atomic weight.

8. Concentration —  in general, the replacing power 
of a cation Increases with Increasing concentra­
tion of the oation In solution. The oommon 
metallic cations found in exchange positions In 
clay minerals are Ceif Mg, Na* and K? At low
pH values, H*replaces other cations. The order 
of replaceablllty of the oommon cations has been 
found to be LKNa<K<Rb<Cs and Mg<Ca<Sr<Ba.

9. PH —  cation exchange capacity is a function of 
pH and at a given pH the exchange capacity Is
a definite quantity for a given sample.

Jonas (1963) has demonstrated that two kinds of hydrogen 
are exchangeable on the surface of H-saturated montmorlllonlte. 
At low pH there is 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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Realizlng 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 trhy Ca*2 and K* are associated in the particular 
manner that they are in K-bentonites. Geologically, 
Ordovician K-bentonites in Kentucky, Ohio, and Indiana, 
are associated almost entirely with limeutone sequences, 
having only minor shale breaks 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 Ca 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 ,
Na*, Al*^, Mg+2, Fe*2, K*, and Ca*2 . Following the exchange 
series mentioned above, Ca'*'2 and Mg'*2 have been shown to be 
preferentially retained compared to Na* when montmorlllonite 
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 
"fixation”. Such a situation would occur for clays forming 
on the bottom 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-bentonltes 
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 a basal (001) spacings of

e
10.8-10.9A, indicating 75# collapsed and 25# expandable 
layers compared to 65-70# and 35-30# here. This covild be 
interpreted as a reflection of the deposltlonal 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-bentonites are listed in table 5. 
Values range between 38 and 53 meq/100 gm. with a majority 
occurlng 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-bentonltes in comparison with published values for mont- 
morlllonltes and "lllltes" (table 4). Nontmorlllonltes 
typicdly have exchange capacities in the range from 70 to
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Table 5. Table of Total Exchange Capacities for K-bentonltes 

Sample Number TEC (meq/100 gm,)
KB-1AT 45
KB-1BT
KB-IBM 44
KB-IBB 42
KE-ICT 47
KB-ID 47
KB-1EM 41
KB-1EB 38
KB-IP 50
KB-1H 50
KB-11 49
KB-2B 47
KB-2D 39
KB-2ET 45
KB-2EN
KB-2EB 46
KB-2P 38
KB-20M 43
KB-2H fSKB-21 48
KB-3B 46
KB-3C 50
KB-3E 43
KB-3FT 45
KB-3PM 50
KB-3PB i§KB-3H
KB-41 49
KR-9T 41
KR-9B 53
KB-9-2 43
KR-9-3 50
KR-10 52
KR-11 41
KR-13 43
KR-14B 45
KR-15 45
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100 meq/100 gm. indicating a large number of unsatisfied 
charges between and on the edges of octahedral and tetra­
hedral sheetso Weaver (1958) has suggested that those in 
the lower portion of the range represent montmorlllonites 
derived from the alteration of non-layer silicates such as 
volcanic debris in which lsomorphous substitution has 
occured primarily in the octahedral layer. Consequently 
the seat of residual negative charge is located in the 
octahedral layer and is further from the interlayer exchange 
position. Bonding forces then are not quite as intensive 
and ion exchange occurs more easily. On the other hand, 
montmorlllonites derived from the degradation of "illites" 
and muscovites are represented by the higher TEC values. 
Normal muscovites and "illites" are characterized by greater 
A l+ 3  for S i ^  substitution in the tetrahedral layer than 
is found in most montmorlllonites (Grim, 1953). Thus the 
seat of residual negative charge is concentrated close to 
the interlayer area and exercises greater bonding force 
on exchange ions in that position. Exchange capacities 
for "illites" (hydrous micas) given in the literature range 
between 10 and 25 meq/100 gm. This range is lower than 
that for montmorlllonites 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 portion of tetrahedral silica
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substituted for by aluminum has praotlcally all available 
sites occupied 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 transitional 
stage between montmorlllonlte and hydrous mica. Weaver 
(1953) suggests that this in fact is the case and that only 
additional substitutional changes in the K^bcntonite 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 micas proper, the hydrous micas (meaning "illites" 
and mixed-layer minerals), and the montmorlllonites and 
vermiculites, Yoder and Eugster (1955) have shown that 
most minerals that have been called hydrous micas, "illites", 
hydromica, and hydromuscovite are in fact mixed layer 
structures of "montmorlllonlte" and various mica polymorphs. 
These have been called monomineralic structures primarily 
because the polymorphic mechanisms operative in layer-lattice 
silicates have not been fully appreciated until recently.

In figure 11 several anomalies appear in oation 
exchange data which are unexplainable with the available 
data. Samples KR-9M and 1LR-11 show only a very moderate 
collapse with K4"adsorption and a weak expansion with Ca+2 
and Na+ . It is possible that, considering the ionic radii
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of Ca+2 and Na+ (.99A and .95A) and for K+ (1.33&), 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-bentonltes. 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 is possible for 
instance that Mg*2 Is present to a greater extent in some 
samples since, like Ca-*"2, 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 dlaneter 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 exohange capacity is not given consideration.

There is a noticeable tendency for specimens from 
the centers of some of the thicker horizons to have a 
slightly higher exohange capacity and a slightly lower 
total adsorption of calcium compared to the outer portions. 
Generally speaking, the properties of Ordovician K-bentonltes
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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 
expansion by Ca+^ 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 charge vacancies. 
This feature is not accorded great importance since the TEC 
increase is still within the limit of error of 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, Qrlm, Rowland, Kerr, Hendricks and 
others have developed the Instrumental and interpretative 
techniques to their 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 is 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 sensitive 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 vazlous 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 ETA equipment. For a 
majority of 2:1 clays, the differential thermal curve can 
be subdivided into two main portions for interpretation:
(l) 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

O
over this range d(00l) decreases from about 15*5A for

eCa-saturated montmorillonites to 10A with no further decrease 
at slightly higher temperatures. Hence it is assumed that 
this reaction represents loss of interlayer, non-structural 
water (Qrim and Rowland, 19^2). 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 equilibrated.

MacKenzie (1957) gives several curves for various 
cation-saturated monmorlllonites. Potassium-treated 
montmorilIonite reacts with a single peak at 190°C and 
calcium montmorillonite is characterized by two maxima 
at 170°G and 210°C. The double peak reflects the hydration
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propertlee of divalent calcium where the flret water la 
"free" in the Interlayer position* and the aeoend Is taken 
up by a 6-fold arrangement of water moleoules surrounding 
each calcium Ion. The somewhat stronger bond of hydrated 
water is broken at a higher temperature than that whloh 
removes the interlayer water.

Figure 13 shows differential thermal curves for 
six untreated K-bentooltes. Samples were run at a resis­
tance of 50 ohms and a millivolt range between 0.12 and 
O.lt mv. The loos-than-two mloron fraction of K-bentonite 
was used for analysis slnoe this fraction Is sufficiently 
ooarse-gralned to yield distinct reactions and yet does 
not contain enough Impurities to seriously Impair accurate 
Interpretation of the thermograms•

A primary low teaqperature peak lies between 150<>C 
and l80°C with a seoondary reaotlon ooourlng near 230°0 
In samples KB-10^, KB-2B, KR-9M, and KR-9-3. The Inter- 
mediate position of the main peak represents the influence 
of both K* and Ca*2 In the Interlayer position while the 
seoondary peak must undoubtedly be related to calcium alone. 
Ross (personal communication, 1962) has found minor occurences 
of gypsum In some of the Kentucky K-bentonites from Hlghbrldge, 
so It may be that the variations In Intensities of the 
secondary peaks are related to minor sulfate content. 
tftHdentlfied "fibrous” aggregates found in electron micro­
graphs would iond some support to"this interpretation.
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Figure 13* Differential thermal curves.
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The size of the endothermic peak in the 150-250°C 
range could be related to octahedral chemistry of the 
layer-lattice silicates also. Foster (1953) has suggested 
a correlation between decreased swelling properties of 
montmorilIonite with increased substitution in the octa­
hedral layer.

MacKenzie (1957) summarizes data for the dehydroxy- 
lation of several montmorilIonite group members and points 
out that while montmorillonite gives two endothermic 
reactions in the YOO°C and 900°C region with an exothermic 
peak around 1000PC, both beidelllte and nontronite have 
primary reactions around 500°C with secondary peaks near 
700°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 500°  peak with tetrahedral substitution 
must still be further substantiated however as other workers 
have found no such direct relationship over short composi­
tional ranges (Earley, Osthaus and Milne, 1953)*
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For "illite" the first hydroxyl endothermic peak 
falls at about 600°C (fig. 13). While this position is 
probably a function of the octahedral cation-hydroxyl 
bond, the next endothermic reaction falling in the 8500- 
900°C range both for "illite" and montmorillonite reflects 
the complete destruction of the 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 main dehydroxylation peak for 
K-bentonite lies generally between 700°C and 750°C, slightly 
higher than most montmorillonites and much higher than 
"illite". 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 A1-0H bonds over 
those with Mg and Fe, just as higher substitutions in
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montmorillonite and "illite" are refleoted by the lower 
temperatures of the peak positions*

Bassett (3.960) has shown by Infrared speotrosoopy 
that the hydroxyl bond angles for diootahedral muscovite 
are lnolined to the (001) oleavage plana (fig* 14), whereas 
for trlootahedral blot its and vemloullte the OH bond angles
are dlreoted perpendioularly to that plane* Thus, for

«

muscovite the H-proton Is farther removed from the exchange 
site In the tetrahedral layer, allowing oloser association 
of the negative oxygen and positive exchange oation (in this 
oase, potassium), while for blotlte and vermloullte the 
proton is placed closer to the tetrahedral layer and hence 
refades the strength of the force holding the exchange ions 
in place. This relationship was used to explain the greater 
susceptibility to weathering and oatlon-loss in the trl­
ootahedral mloas*

On the basis of the present data It is wondered If 
the same reasoning might not hold true for oatlon-hydroxyl 
bonds In the expandable clays and particularly In K-bentonltes* 
The possibility has been suggested (Kerr, et al* 1951) that 
if there is selective (non-randem) replacement of cations 
in the eetahedral layers than those oertaln oation positions 
to which hydroxyls are attaohed might remain filled by Al+3 
while substitution oeeured in other cation sites* In this 
way a highly substituted lattice might itill shew a relatively 
high temperature primary hydroxyl peak because the hydroxyls
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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 
temperature at which dehydroxylation occurs. If this were 
so, then the higher temperature peaks of K-bentonite would 
reflect stronger cation-OH bonds than in montmorillonite.
For "illite" the higher degree of tetrahedral substitution 
may cause greater distortion in the ionic position in the 
octahedral layer (Veitch and Radoslovich, 1963* pt. Ill), 
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 450°C in some K-bentonltes 
(fig. 13) may be due to minor organic or sulphide contami­
nation and are not considered to be related to the clay 
structure.

— --------------------------------------------------------------------------------------------------------------------------------------------------------------------  1
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e l e c t r o n 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 15A 
and magnifications up to several hundred thousand times are 
possible.

In order to show the thickness of particles and the 
contrast of particles against the background, a metallic 
shadowing method was employed. This method consists of 
depositing clay from an aqueous 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 Vibrator. Subsequent settling produced the desired 
upper limit of grain sizes. It is felt that no substantial 
damage has oocured to the clays as a result of these
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procedures and that tha photographs roproaont essentially 
unaltorod K-bentonlte.

Among tha olay minerals montmorillonite ganarally 
shows tha laaat evidence of oryatalllnlty in eleotron 
micrographs (Kerr, at al., 1991), although Ross and 
Hendricks (1945) show ana example of Wyoming bantonlta 
whloh hiss a fairly sharp partlola outllna suggastlng goad 
oryatalllnlty. "Illltes" and Muscovites ganarally show

t • *wall famad flakes, although variations In ohea&oal oompo- 
sltion preclude a slngla definitive dasorlptlon for tha 
elay micas.

Saanla KB-1A

Plguras 15 and 16 show photographs of K-bantonlta 
KB-lAg takan of both tha lass-than-two mloron bulk saapla 
and of tha upparasst portion of tha olay remaining suspended 
In water after 24 hours. Tha bulk saapla Is seen to be 
composed of bpth thin plates hawing sharp, wall defined 
outlines and aggregates of plates with fussy outlines 
more Ilka true aontaor11Ionites. Tha olay Is extremely 
fine-grained with tha smallest particles being lass than 
1/B mloron diameter. The shadow oastlng photos give soma 
Idea of tha thlokness of tha Individual plates and aggregates
by comparison of the lengths of tha shadows formed. Tha

•»

plates are probably lass than .002 microns In height whloh 
Is about o-axls dlmenslen, while the packets are several
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Figure 15. Electron micrographs of sample KB-1A2* Line represents one micron.
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Flgura 16* Rlaotron aioragrapha of KB-1A2* abova, bulk saaplaj balow, partlolaa suspandad aftar 
2k houru.
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hundred angstroms high. Tha 'bulk sample at AO,000 magnifi­
cation shows that many of tha plates ara actually split up 
Into sharply terminated lath-like segments in some oaaaa 
and Irregularly broken onaa In othara. Thaaa laths ooour 
both aa dlaerata fragments and aa partially split portions 
of largar plataa, auggaatlng a proatLnant cleavage direction 
parpondloular to tha baaal plana. Thla typa of cleavage 
nay ba alallar to that of musoovlte whloh, In addition to 
tha baaal cleavage, haa planaa of aooondary cleavage parallel 
to (010), oftan yielding narrow atripa or thin fibera. That 
thla phenomenon la not observed in low totrahadrally charged 
montmorlllonltes auggeata that tha large alsa of tha lnter- 
layar potassium in K-bentonlte produces a strain within tha 
crystal lattloa resulting In a structure with potential 
oleavablllty perpendioular to tha layer-lattloa plataa. 
Handrloka and Rosa (l9Af) and Karr, at al. (1951) refer to 
several lnatanoaa In tha literature mentioning a similar 
phenomenon In tetzmhedrally charged nontronite and heotorite. 
Tha latha ara eaally seen oven at f9*0X magnification and 
ara oommon features In tha bulk sample.

At 4o,0oox otnations ara olaarly seen on thlok 
aggregate patohaa of olay plataa and oooaslonaly on tha 
thinner stacks In tha bulk saapla. In tha center of tha 
photo, tha stMatlons, known as Moire'-lines, ara parallel 
to tha cleavage sides of a stack of plataa whloh terminate 
roughly In a 60° comer eaused by tha Intersection of
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the itrlttloni.. On the left lid* of the photo Noiri lines 
are also seen on an aggregate staok hut appear to f o m  sore 
of a nosalo pattern. It is net evident hew many of these 
strlatlens are frosi the uppemost plate and hew Many are 
from the lewer ones, hut In general they are oaused by the 
repeated stacking of a series of geeuetrleal patterns whloh 
preduoe a sort of Magnification only If the patterns on 
one level repeat'those on levels shove and below In their 
linear dlnenslohs. In other words, the preeenoe of MolrJ 
linos refloots well organised and well orystalllsed olay 
layers whose staeklng is arranged in a certain definite 
sequential progression.

gjWAf P-9-3
This specimen, in addition to the flat plates desorlbed 

above, has several snail olusters of a fibrous substanoe 
whloh do net appear In the other saaples. These olusters 
do not have the appearance of olay Minerals and are probably 
due to oontanlnatlon by gypsun, zeolites or sinllar seoondary 
Mineralisation. KR-9-3 was shown by eleaental analysis to 
contain nore Iron than other sanples due perhaps to partial 
weathering on the outcrop, hence additional oontanlnatlon 
night easily be suspected.

M e r  shadow easting thoso photos show abundant
* . r *

flat needle-llke laths which aro brbken and temlnated by 
60* aad l2d° ingles on tho ends sinllar to KB-lAg* Molrd
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Figure 17* Electron micrographs of sample KR-9-3
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Flgur* 18• Flootron Mlorographa of aampla KR-9-3,
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lines parallel the straight edges of a few groups of stacked 
plates* These are most easily seen at 40,000X magnification.

Sample KB-11
/

Hexagonal plates and terminated laths are oommon 
In these photographs of a bulk sample suspension. Although 
many plates are overlapping one another, numerous Individual 
ones oan be seen refleotlng pseudohexagonal symmetry and 
showing well developed lattlee structures* The Individual 
plates In seme of the packets In the 4O,OO0X photograph 
appear to be arranged In a definite orystallegraphle order 
with respeot to each other, and, as In KB-lAg possibly 
represent a certain ordering of plates in the o-axls dlreotion 
whloh is responsible for the overall mosaic pattern of 120° 
and 60° strtLtac Interceptions seen in these samples* In 
several Instances the upper plates are partially stripped 
away revealing the same pattern In the directions of the 
straight edges of the successive plates below* These stacks 
would probably show optical continuity perpendicular to the 
plane of the plates*
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Plgura 19. Blaotron alorographa of aaapla KR-11
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Figure 20. Elaotron micrograph of sample KR-11.
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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, 19*̂ 8 j 1954;
Weaver, 1958). Barshad (195*0 interprets his data to indi­
cate that "fixation" is a function of the amount of total 
interlayer 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 10.41 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

o(12.4A). So lattices with Interlayer charges greater than 
150 meq/100 gm experience "fixation" well over 50$ of the 
total exchange capacity with the highest interlayer charge 
probably represented by muscovite which Barshad (195*0 
gives as 262 meq/100 gm. Weaver (1958) reports that maximum 
"fixation" ocoured with the Wyoming bentonite where fixed 
potassium reduced the TEC by 22 to 28$, while Barshad (1954) 
using a mild treatment was able to "fix" less than 4$ NH^ 
and less than 8$ K* in montmorillonite.

Thus it would appear that substantial "fixation" 
of potassium occurs only under the most extreme conditions 
of temperature. However, montmorillonite in experimental
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8tudles (Roy and Roy, 1955) Is shown to be stfcle 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 randomly alternating layers. It appears that 
whatever the mechanism is operative in K-bentonlte, 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 Radoslovlch and Norrlsh (1962) and 
Radoslovich and Veitch (1963) strongly suggests that the 
ideal structure for muscovite is 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 proposed 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 distorted to a ditrlgonal 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 th^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 dioctahedral 
micas the interlayer cation (especially the large K+) 
effectively stretches the octahedral layer. That this 
stretching does not occur for trioctahedral micas leads 
to the suggestion that initial tetrahedral displacements 
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 accompanying decrease 
in the b-axls dimension. The contraction of the b-dlmenslon 
results in an effective decrease in the size of the dltri- 
gonal opening in the planar surfaces with a consequent 
Increase in the d(00l) spacing upon resaturatlon with
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pot aa slum. Once the unit cell has contracted slightly, 
presumably by rotation of the tetrahedra, the size of the 
opening In the oxygen surface, initially occupied by potassium, 
decreases and potassium cannot fit down Into the opening as 
far as it did initially. The result is a slight increase in

0 Od(OOl) from 9.96A to 10.00A when potassium was again added.
Since the a-dimension is related to the b-dimension 

by the relationship a = b/3^, it will be affected in the 
same manner as the b-dlmension.

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 toe 
as firmly held and could more easily exchange. This 
opposes the concept of a dlagenetlc alteration of mont­
morillonite to "illite" through slow K-adsorption.

Further considerations on the relationship of the 
OH bond to the interlayer cation (Bassett, 19o0; Yoder and 
Eugster, 1955) indicate that the directed bonds for phlo- 
goplte are perpendicular to the sheets and inclined at a 
low angle for muscovite, thereby shortening the oxygen- 
catlon 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 DTA peak Indicates a stronger OH-catlon bond in 
the octahedral layer. The adsorption of K + 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 endothermlc peak and the one angstrom increase in 
interlayer spacing due to Ca-adsorptlon preclude a high 
charge seat close to the interlayer cation. Ultimately 
the realtlonshlp between the octahedral cation and adjacent 
hydroxyl must be linked to the nature of octahedral substi­
tution. R&doslovlch (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 direofcion of the b-axls, 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-axls (Radoslovlch and Norrish, 1962, pt. l).

A mitigating influence on the interlayer strain 
relationships exists if it is considered that octahedral 
cation sites are of two different sizes and that Al*3,

+ o 4.0M g ,  and Fe enter these sites preferentially. In other 
words, subsltutlons within the octahedral layer appear to 
be ordered, and hence limits are placed on the amopnt and
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kind of substitution that can occur (Radoslovlch, 1963* 
pt. III). Radoslovlch (1963a) further suggests that for 
muscovite, about 80 per cent of the octahedra must be 
occupied by Al+3 in particular, in order to maintain a 
stable muscovite-type structure. Possibly the degree of 
aluminum substitution in the K-bentonlte lattice places 
similar maximum and minimum limits upon the amount of 
potassium that will be fixed in the exchange position 
and that varying K-adsorptlon within these limits accounts 
for the mixed-layering observed by X-ray diffraction.
Future investigations of the b-axls 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-bentonite 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, if randomly centered, 
would produce a layer-lattioe mosaic structure with some 
portions collapsed more than others, and having Che 
appearance of a randomly interstratlfled clay mineral.
This network would occur only in those expandable clays 
with high octahedral charge, since high tetrahedral charge 
(i.e., nontronltes, etc) would induce different strain 
relationships as outlined by Radoslovlch and Norrlsh (1962).
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It is suggested that these considerations. If con­
firmed, would necessitate placing K-bentonlte as a separate 
structural type within any major structural-chemical 
classification of clay minerals. The controlling forces 
Involved would not oocur in a continuum between montmorll- 
lonlte and "illite” but rather define a distinctly separate 
structure with unique 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 horizons were studied to find what gradational 
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 
(less than 10$) HC1. 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 Is a consequence of the devitri­
fication of volcanic ash whereby released silica replaces 
nearby calcium 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 disoussed 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 are 
composed primarily of clay with minor amounts of feldspar 
(orthoolase). In addition to a regular 1Q& sequence, both 
14A and 7 A reflections, oharaoterlstio of chlorite, are 
found in the insoluble clays, Olycolatlon showed expansion 
effeots only on clays taken between 0 and 2 feet away from 
the ash beds, indicating the vertical extent of K-bentonlte 
gradation into the carbonates. Further away the 14A and 
10A, series were dominant as detrltal micas form a major 
portion of the clays. Heating for two hours at 550°C did 
not shift the 14A peak noticeably, a oharaoterlstio reactionj
for chlorite (Warshaw and Roy, 1961).

In sample KR-4 the soluble content increases at the 
bottom of the section as another K-bentonlte horlson is 
approached. The higher readings at the top of the section 
probably reflect differences Inherent in the llthologio 
change from Tyrone to Curdsvllle limestone.

Heavy Mineral Analyses

Heavy mineral studies of K-bentonite reveal a fairly 
consistent suite oomposed of blotlte, magnetite, leuooxene? 
and apatite with lesser amounts of zircon. Trace amounts 
of hematite, chlorite, and fluorite were also reoognlzed. 
Together, both anhedral and euhedral flakes of biotlte 
constitute as much as 85 per cent of the total heavy mineral 
suite in seme samples, whereas they are practically absent
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In others. The uppermost horlson In ths Black River is 
normally characterised by an abundanoe of biotite (fig, 22) 
oonoentrated In sones within the bed and can usually be 
distinguished from other ash beds on this basis. The con­
centration of blotlte within individual K-bentonlte 
horlsons and the variability In grain diameter (.2 to 1 ms) 
indicate that the mica is primary in origin and not an 
authlgenle constituent.

Colorless apatite orystals, 0.05 to 0.3 mm in length, 
aooount for as much as 30 per cent of heavies in several 
samples and shew a variety ef morphologloal forms including 
oonmonly long, prismatic crystals terminated either singly 
or doubly by pyramidal or plnaooldal surfaces. Asall inclu­
sions of bubbles and slreon crystals are oriented parallel 
to the c-axls. Leuooxene crystals range up to 50 per oent
of the total heavies In a few Instances, but generally It Is
a minor constituent.

Colorless slreon 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 bathollthlo slroons whioh include euhedral, doubly 
terminated, prismatic crystals with simple and complex forms; 
singly terminated, subhedral orystals; and anhedral orystals 
with Irregular forms (fig. 23). Although tho appoaranoo of 
apparently rounded or broken crystals within a K-bentonlte 
horlsea might seem to indicate a detrltal origin, it should
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toe pointed out that alternative interpretations are possible. 
Larsen and Poldervaart (1957) have shewn that the irregular 
fonts on sireans from granodierites and tonalites of the 
Bald Roek toatholith near Bidwell Bar, California, are not 
a result of mechanical atoraslon or lmpaot, tout rather are 
produets of lnoonplete crystallization• The rapid deerease 
in heavy mineral content in adjaoent limestones further 
supports the idea of initial pyroolastio origin.

Magnetite is present in many samples as intergrowths 
with tolotlte and leueoxene and as Individual euhedral 
orystals. Snail anhedral grains of hematite and ohlerite 
are oooaslonally found tout never oonstltute a major portion 
of the heavy mineral suite. Pluorlte with its oharaoterlstio 
ootahedral eleavage is present in traoe amounts only.

Blotlte, magnetite, leuooxene, apatite, and zlroon 
are commonly assoolated with intermediate to aold volcanic 
rooks and their atoundanoe here only attests to the pyro­
olastio origin of these toeds. Hematite and fluorite, 
atoundant in the insoluble residues of adjaoent limestones, 
are detrltal. No oharaoterlstio physical properties of the 
heavy minerals was found to toe consistently useful for 
stratlgraphlo oorrelations
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Trace Element Study

Elemental analysis toy X-ray fluorescence spectro­
scopy provides tooth 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 toy first 
passing it through the crystal lattice of any one of several 
sutoBtanoes, and then recording the widened spectrum as it 
is sensed by a flow-proportional counter tube. The results 
appear in graphical form as a series of peaks, each repre­
senting the energy of a particular wavelength emitted toy 
the various elements. By comparing the peak heights with 
standard mixtures quantitative results can toe obtained.

A General Electric X-RD-5 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 A1 are not presented, although 
this certainly would toe useful information.
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Over the energy range studied the most characteristic 
peaks belong to Cr and Pe. The first is 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 subtracted from the total Pe content. Iron 
wan not measured for comparative purposes because it was 
felt that the slightest degree of weathering might effec­
tively change the iron content and prevent it from being 
a reliable parameter for K-bentonite correlation.

Titanium proves to be the most useful trace element 
for study since it is present in great enough quantities 
to be detected easily 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 TIO2 
(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. Ti02 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-ray Pluoresoence Speotrographlo Data 

Sample Mo. TlXoc Intensity JGTlTi&m. intensity (oountsAo see, j

KB-41 2 _KB-1J 130KR-4T 313KR-6 305KR-8 <35KR-9M 240KH-9T 200KR-9-3 215KR-11 250
KR-13 405KR-14B 332

: U

KB-2A 178 0.31
KB-IB 238 0*42KB-2B 300 0.5KB-3B 330KB-4B 285KB-1C 160KB-2Q 308KB-30 290KB-1D 272KB-2D 255KB-2E 305KB-IF 250
KB-3F 307KB-10 330KB-20 260KB-30 137KB-1I 150KB-2K 296KB-3H 286KB-1I 153KB-2I 2
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and the additional counts per 10 seconds In the TiKw. peak 
at 86.2° 28 were averaged. Allowance was made for the 
oxygen contribution from T102 and a figure 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 it 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 ferromagneslan minerals will decrease in abundance 
away from the volcanic source, while the lighter particles 
will 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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Figure 25. Map showing distribution of titanium in uppermost 
K-bentonite horizon.
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Table 7. Intensities of Ti Kocpeaks measured in counts 
per 10 seconds due to addition of 1% T10j>»

Sample No. Normal Count 2 gm 4- 1# T102 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% T102. 
Correction for amount contributed by pure Ti 
only gives equivalent average count of 570.

In order to find where the titanium was being released
in the samples, biotite from the same horizon but 90 miles
apart were examined for titanium content (fig. 24). The 
Kot peak of KB-IE has an intensity of 2230 counts, and for 
KR-4, 3140 counts. This is a substantial Increase over the 
clay samples and indicates a considerably larger titanium 
content. Furthermore, for the biotites, the proportion of 
Ti (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 is a reflection cf 
the overall distribution in biotite. Undoubtedly, leucoxene 
also contributes in a similar fashion.

Ti is not an exchangeable ion in the clays as attempts
to remove it with ammonium acetate were unsuccessful, but
rather is contained somewhere within the clay structure
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itself. It Is 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 titanium is much larger and less 
subject to small sampling errors.

Herrin (1957) has correlated Cretaceous bentonites 
in Texas over short distances U3ing Ca:Mg and SI:A1 ratios. 
There is no reason why this kind of approach could not be 
taken here.
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ORIGIN OP CLAYS

The devitrification products of volcanic ash are 
known to vary in composition depending upon the balance 
of geochemical factors in the environment of deposition.
Klmpe, Gastuche and Brindley (1961) have shown that low 
temperature and pressure synthesis of aluminum and magnes­
ium silicates produces various proportions of gel and 
crystalline phases. With aluminum, the gel phase is the 
more abundant and Identification of the crystals is possible 
only by electron diffraction; with magnesium the yield in 
crystals is much higher and X-ray diffraction can be used.
The properties of the gels influence the kinds of crystals 
synthesized, with the main factors being 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 coordination increases 
with pH. Kaolinite appears at low pH, where the six-fold 
coordinated structure of aluminum is stabilized. At higher 
pH values, a "mica-like" clay mineral appears, while the 
four-fold coordinated aluminum increases in the gel struc­
ture. Apparently the low yield in crystalline phase is 
controlled by the solubility of silica as is the formation 
of a 1:1 or a 2:1 lattice.

In the geologic record it is noticed that K-bontonites 
are recognized primarily in the Paleozoic while montmorillonitic
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bentonltes characterize later periods. Some exceptions 
are noted (Zen, 1959) but are rare. Weaver (1953) 
suggests that the predominance of carbonate sequences 
In the Paleozoic compared to the Mesozoic indicates a 
longer exposure to sea water for the older clays and'hence 
more opportunity to retain potassium from an environment 
saturated with calcium. For the younger bentonites a more 
active geologic environment would induce more rapid depo­
sition and hence less susceptibility to K* adsorption. 
However, not all K-bentonites in the Paleozoic are preserv­
ed in carbonate sequences, indeed in Virginia, K-bentonite3 
are found within the Martinsburg shale and in similar 
clastic sequences farther south (Ross, 1928, 1955; Kay,
1935) and in the upper Mississippi Valley (Kay, 1931).

It appears doubtful that a majority of potassium 
could have been added diagenetically after the clay had 
formed, since under these conditions one would expect to 
find the permeability of the clay a factor in determining 
K* adsorption and hence a definite change in the expandable: 
non-expandable layer ratio through the vertical section 
of a single bed. Similarly, for a large amount of potassium 
to have replaced divalent calcium would require a rather 
high concentration of potassium locally. It is suggested 
that this could arise only as a result of potassium 
contribution from the volcanic material itself, and could 
not be dependent upon the "normal" concentration of K+ in 
sea water.
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C0NCLUSI0NS

The following conclusions and suggestions are
drawn:

1. K-bentonite found in middle Ordovician rocks varies
considerably from other 2:1 clays in both mode of
origin and physical-chemical properties. It is 
essentially a dioctahedral 2:1 clay composed of 
randomly inter-stratified swellable and non-swellable 
layers in proportions varying between 2:3 and l:3j 
the former with calcium in the exchange position and 
the latter containing potassium derived from the 
devitrification of volcanic ash. K-bentonite is 
easily recognized from hydrous micas, montmorillonltes, 
and "mixed-layer" degraded micas by X-ray diffraction, 
DTA, cation exchange, and electron micrograph properties.

2. K-bentonite appears to be a fairly stable structure
with additional K-adsorption limited to less than 10 
per cent. Cation exchange data indicate low tetra­
hedral substitution and high octahedral substitution. 
Disagreement of analytical data appears most reasonably 
explained in terms of recent structural re-evaluations 
of 2:1 layer lattice silicates. It is suggested that 
K-bentonlte does not represent one stage in a continuum 
between montmorillonite and "illlte" but rather is
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conflned to a narrow compositional range between 
these two and distinct from them representing the 
type of material initially formed through devitri­
fication, and hence should be considered for classi­
fication as a separate unit in a general classificiation 
of the clay materials.

3. Correlation on the basis of clay mineralogy alone 
is not promising since regional consideration shows 
vertical consistency in properties from one horizon 
to another but slight lateral change in layer ratios. 
K-bentonltes are distinguishable from detrital clay3 
however. Heavy minerals show no substantial strati- 
graphic parameters with the exception of biotite 
concentration in the uppermost horizon in the Tyrone 
limestone. Trace element study may offer the best 
hope for development of correlation parameters.

4. A southerly increase in titanium content correlates 
with an increase in the thickness of K-bentonite 
beds in that direction and is consistent with earlier 
suggestions of a southeastern source direction.

5. Future Investigations should concentrate on trace 
element analysis and detailed structural investigation 
of the clay mineral structure.
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