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VIII

ABSTRACT

The literature of the dioctahedral 2:1 clay min-
erals is briefly reviewed. A classif;cation of the 2:1
minerals is presented in which the percent of total re-
placement which occurs in the octahedral and tetrahedral
sheets is considered tq be of primary importance, The
secondary division is based upon the degree of expansion
and the nature of the external cations.

22 samples of the Ordovician X-bentonite were
examined by the use of size analyses, differential thermal
curves, X-ray diffraction patterns and electron micrographs.
The less than one micron fraction of two typical
samples was sfudied in more detail. It was established that
the K~-bentonite consists of randomly interstratified expandad
and non-expanded 2:1 layers in the ratio of l:4. Many of
the samples contain packets of chlorite., The chlorite was
foupd to cause an-endothermal peak on the differential

thermal curves which was formerly believed to be due to illite.

Chemical analyses of the two samples show a direct correlation
between the percentage of X present and the percentage of non-

expanded layerse.
The nature of the heavy and 1ight minerals indicates
that the clay aitered from a volcanic glass. It is believed
the clay first formed as an expanded 2:1 mineral and later
obtained X which caused 80 percent of the layers to become

non-expanded,

27 samples of the limestone on either side of a
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series of K-bentonite beds were examined in detail. ‘The
heavy and light minerals indicete that the insoluble
residue is composed of both volecanic and non-volcanic
material. The non-volcanic meterial is largely a non-
expanded dioctahedral 2:1 clzay; the volcznic materiszl
eltered to form chlorite. The chlorite and volcanic heavy
minersals increase in abundance as the K-bentonites are
approacheéd from zbove or below. It is believed that the
ash altered tc chlerite because of the availability of Mg.
The zvailability was probebly enhanced by the rresence of
the calcite ooze.

Four samples of bedding plane clay were collected
from the Ordovician limestone. The light and heavy minerszls
reflect both volcanic and non-voleanic sources for the
materizl. The non-volcanic clay is a non-expanded diocta=-
hedrzal 2:1 clay, whersas the volcanic materizl altered to
an expanded dioctzhedral 2:1 clay. It is not known whether
the expanded clay formed directly from the ash or from the
elteration of a paritially non-expanded clay.

Samples of the Oswego and Juniasta graywackes and
pure clay beds occurring in the Oswego were examined. The
light anc¢ heavy minerals indicate that the clays were in all
cases detrital. The clay minerals are predominantly the non-
expanded cioctehedral 2:1 varieity though smell amounts éf

halloysite are sometimes present. XElectron micrographs show

that much of the non-expanded clay is lath-shaped. The clay

beds are believed to have been formed by a winnowing of the

coarser graywackes.
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Two clay beds in the Devonian shales were exzmined.
One, the "Tioga Bentonite® was found to be identical to the
¢réecvician K-bentonite. The other ccontains largely non-
volcanic heavy minerzls. The predominant clay is the non-
gexpanded dioctzhedral 2:1 variety. Iinor amounts of chlorite
are also present. The data suggest that the clay in this

bed was probably concentrzted by 2 winnowing action.
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WINERATOGCY AND PETROLOGY OF SOME PATLEQZOIC
CLAYS FROM CENTRAL PENNSYLVANIA

INTRODUCTION

NATURE OF STUDY

This study concerns the mineralogy- and petrology
of some rocks from the Palezoic (mai_nly Ordovician) of
centrzl Pennsylvania. The qlay minerals in these rocks
were investigated in detail. The majority of the clazy -
minerals investigated were the 2:1, dioctahedral variety,
i.es illite znd montmorillonite. As the concepts and
nomenclature of these clays are at present in a siate
of crepuscular confusion a brief discussion of the evo-
lution and present trends plus the author's own idees

on nomenclature are presented.

MONTMORITIONITE

Nomenclature

Ross and Hendricks (1945) have given a detailed
discussion of the montmorillonite nomenclature. In the
present paper only the high lights and particularly pertinent
material will be discussed. Damour and Salvetat (1847)
first proposed the name mon‘tmorilj.onite for a particular
clay mineral having the formmla 4.28i05.41,05.7.4H,0. The
name beidellite was given by Larsen and Wherry (1925) to a

montmorillonite having a 3:1 silica:alumina ratio. Wherry,

1%
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Ross, and Kerr (1930) found that the majority of the
montmorillonites had a §i0,: Al,0, ratio of 4:1 but that
many had ratios as high as 5:1 and as low as 2:1 without
change in structure. Ross and Kerr (1931) gave- several
members for the montmorillonite clay group: montmorillonite,
beidellite with & 5i0y: Al505 ratio of 3:;; an unnamed
member with a 2:1 ratio, nontronite with a Si0o Fezosz
ratio of 3:1, and saponite, a magnesigm,mgmbe;,ﬂ
| _Ross ang Hendricks (1945), on the basis of 103
chemical analyses, listed nine structural formulas of
minerzls of the montmorillonite groups:

Na 53
Montmorillonite Aly goMg s Sis0yp OH g

Na, 33
Beidellite Alp 17 Al g3Siz,17 O10 OH 2

Na 33 |
or A12.22 Al]-‘ooSlS.OO Olo OH 2

5 Na.?s3
Nontronite Fe 2,00 Al'33813.67 Olo OH 5

Na a3

Non#ronlte (aluminian) ey 14 Al.83813.17 0;9 OH o

. Na,s3
Hectorite ¥go 6901 33 Siy 016 0H o
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Na 33
Saponite Mg, o Al 33515 gy 019 OH 5

Na 2z

Saponite (aluminian) Mg2.67Al.33 A1.67SiS.33 016 OH 2

Sedletsky (1942, 1945) sugges@ed that the
montmorillonites should be named by means of an"index
number", equal to twice the SiAl ratio_(ﬁo the nearest .
whole number). Thus beidellite, with a 1:1 ratic, would
be montmorillonite - 2, mon?morilloniﬁe with a 5:2 ratio
would be montmorillonite - 5. This classification has
five stages in the montmorillonite series,

The term montmorillonite is now used in three
different ways: as a group name; as a sub-group Whe:e'
aluminavrgplaces silica, and as a pame;for m;perals;having
the same composition as the type material (Damour and

Salvetat).
MacEwan (1951) suggested that the term montmor- .

illonoid be used as a group name. Correns (1951) suggested

the term montmorin as a group name.
Structure

Pauling (1930) proposed structures for gibbsite,
brucite, talec, pyrophyllite, the micas, and the chlorites.
He indicated‘that these silicates were made up of a
cnmhingtion of gibbsite or brucite layers with silicate

layers.

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




Eyrophyllite was shown to have a layer siruciure

corpoesad of two tetratedral siliicate layers inciosing an -
ctahedrsl gibbsite layer. Pauling (1930) and Jackson and
wWest {(1333) showsé that the muscoviie structure was similar
to trhaet of pyrophyliite. In muscovite one-fourth of thg
silica in the teirahedral layers is replaced by alumina.
The excess negative charge is compensaied for by potassium
situated beiween successive tetrahedral layers.

EZofmann, Endell and Wilm (1933) proposed a
struciure for montmerilionite that is the same as that cf
pyrcphyllite. Ehey feunad th§t~§he a and b spac;ngs-;p
the pléﬁe of the cleavzge are identiczal with those Tor
pyrophyilite. However, the spacing characterisiic of the
thicknsss of the unit layers hgd 2 higher value for montmor-
iiicrnite ihan for pyrophyliite. It was concluded that - -
mcntrorillonite was coexposed of layers of pyrophyllite with
varizbie. amounts oi water between ithem.

¥aershall (1935) indicated that the montmorillonite
lzttice carried a negative charge which he §gggeste§ was -
caused by the replacement of Al for S5i in the silice layers,
znd ¥g for Al and Fe" for Al in the gibbsite layers. This
negative charge would be balanced by Ca, Na, K and other
exchangeable cations which occur between the lattice layers.

Ross and Hendricks (1945) worked out the structural
formulas previously listed on the bassis of these principals

of substitution.

Barshad (1950) and others have shown that the
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amount of water held between the layers (the degree of -
expansion in the "C" axis direction) is directly related

to the type of cation present between the layers,

ILLITE

Nomenclature

A group of minerals related to the micas, but
containing less potassium and more water, haye been given
a wide variety of names: hydro-micas (Galpin, 1912),.
hydrous micas (Bayley, 1920), potassium-bearing clay
minerals (Ross and Kerr, 1931), glimmerton (Endell, Eofmann,
and Mgegdefrau,_1935), and illite (Grim, Bray and Bradley,
1937). Bravaisite (Mallard, 1878) is the only specific
mineral name that has been proposed for a mineral of this
groupe.

The term illite has been more Wiéely ég9¢pt¢d
then the others. Illite is considered to have from four
to eight percent K,0 and from six to twelve percent H;0.
The X-ray diffraction patterns give the same "d4" va;pes
as those of muscovite though the individual lines are
wider. |

At the 1950 International Soil Science Congress
it was agreed that the term illiﬁe should be used as a
general term for mica-clay,mineralé (both di-and tri-
octahedral ﬁypes) which show no significant swelling and

o
which give a first order, basal reflection of about 10A
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which is unaffected by mild chemical and/or thermal
treatments. Hydrous mica was suggested as a general

term to cover both illites and mixed-layer minerals.

structure

The structure of illite was suggested by Grim
(1942) to be similar tc¢ that proposed for montmorillonite.
He comnsidered that replacement in the tetrahedral layer
was predominsnt over that in the octahedral layer and
believed 15 percent of alumina replacing silica to be

necessary to obtain a non-expanded structure.
NIXED LAYER MINERAILS

In addition to the "pure" clay minerals, mixed
minerals can occur in which layers of different types
alternate either regularly or randomly. Gruner (1934)
pointed out thzat certain vermiculites had interstratified
layers of mica. Hendricks and Jefferson (1938) found that
many vermiculites are actually mixed vermiculite and chlorite
layers. Grim and Rowland (1942) on the basis of differential
thermal analysis identified several specimens as being
composed of mixed layers of illite and montmorillonite,

Nagelschmidt (1944) showed that by treating illite with

CaCl, certain of the layers could be made to expand. -This

resulted in an interstratification of expanded and non-

expanded layers.
Bradley (1945) has shown how, by the use of
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ethylene glycol, mixed layer minerals can be detected by
x-ray analysis. He found that bravaisite, glimmerton, -

metabentenite and Grundy illite are mixed layer minerals
- THE CLASSIFICATION OF THE 2:1 MINERALS

During the present study, it became apparent that
the differences between illite and montmorillonite are not
as great as they appear at first glance. White (1950) has
shown that by treating illite with Mg Cly, and precipitating
the exchanged potassium the illite would expand and give
a montmorillonite x-ray pattern. Hany of the montmorillonite
minerals particularly beidellite, contain some non-expanded
layers which are indicated by the presence of potassium in
the chemical analyses. Cailldre and Hénin (1949) have
shown that by boiling montmorillonite in XKOH the clay will
collapse and give a lOX illite x-ray pattern. The present
work has shown that by cornrtinuously wetting and drying the
K-bentonite in a solution of one normal KOH the expanded
layers collapse and give a 1QZ value.

It appears that many of the 2:1 dioctshedral
clays contain both expanded and non-eXpanded layers and
that it is relatively easy to change their state of
expansion.' The ideas given below were developed in an

attempt to relate these two clay groups. Although few of

the ideas are new, they have not before been organized

coherently.
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Except for the external cations, K, Na, Mg and
Ca, the structural formulas of illite and montmorillonite
are similar, and in many cases identical. The predominance
of K as an external cation is characteristic of illite,

Illite, as usually defined, has a non-expanded
lattice, with a "c'-spacing of 100. MOntmoriilpnite;has
an expanded lattice, 12 to 202 in the direction of the "c"
axise.

Illite commonly gives a hydroxyl-endothermal. -
reaction at 500-600Q€a, whereas the montmorillonite reaction
usually occurs at 600-750°C.

These three criteria provide the fundame@tal means
of differentiating between the two clay groups. Naturally
all three were developed from a study of many clays. How=-
ever, it is significant that the great majority of montmor-
illonites studied are those formed from volcanic ash,
usually of Cretaceous and Tertiary age. The majority of
the illites described are found in the Carboniferous
sediments. [égfmost cases clays of either type from other
sources do noet possess the properties which are diagnostic
of the "type" materials.

Probably the most widely used and most reliable
means of identifying tlie minerals of these two clay groups
is by x-ray diffraction. When a 10'2' value is obtained
the clay is considered to be non-expanded and is called
illite. If the x-ray pattern has a value of 123 or greater,

the clay is considered to have an expanded lattice and is
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called montmorillonite (assumirig it is not vermiculite or
chlorite). However, Caillére and Hénin (1949) and the
present work have shown that K can be fized between the
montmorillonite layers such that a 108 lattice will result.
Barshad (1948) and others have shown that biotite will
exchange K for Mg and form an expénded lattice with a

value greater than 103. (Further leaching may cause
replacement within the lattice itself, but it does not
appear to be necessary in order @o'foim an expanded lattice).
Nagelschmidt (1944) and White (1950) have shown that, at
least in part, illite can be transformed into an expanded
clay. There is little doubt that theéerprocesses working
in nature for any length of time will form an expanded clay
from a non-expanded one and vice versa. Therefore, the
concept of an expanded verses a non-expanded lattice is

not based on the structure of the clay minerazl, but upon

the cations in interlayer positions.

An examination of the differential thermal data
shows that the characteiistic hydroxyl-gndothermal reaction
of illite occurs between 500 and 650o C; however, this
figure is determined largely from samples obtained from the
Carboniferous rocks. When illites from totally different
sources are examined this range can be extended, as for
example in the case of the Ballaﬁer illite described by
McKenzies, Walker, and Hart (1949). The hydroxyl-endothermal
reaction of this illite occurs at 713°c.

The montmorillonites derived from the majority of
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the Cretaceous and Tertiary ash beds have a hydroxyl-
endothermal reaction restricted to a 650-700°C., range.
However, Mg and Fe montmorillonites from varied sources
extend this range from 500 to 800°%.

The temperature of the hydroxyl-endothermal
reaction is controlied largely, if not entirely, by the
various cations in the octahedral layers. As the range
in temperature of this reaction for the two clays is
almost identical, it would appear that thelcomposition
of the octahedral layers varies within the same range and
could be identical. Further, the chemical analyses indicate
that the octahedral layers for illite and montmorillonite
are quite similar and in manyicases the same in composition.

The composition of the tetrahedral layers in the
two clays can only be determined by chemical analysis.
Although the ranges of the percentage of aluminum replacing
silicon overlap to a considerable extent, the available
ahalyses (largely of bentonites) indicate a tendency for
many of the montmorillonites to have a very small amount
of aluminum in the tetrahedral layer, as compared to the
¥nown illites. However, this dces not mean that a 2:1
lattice with little aluminum in the tetrahedral layers
cannot attract potassium and form a 108 lattice. It is
just more probable the potassium would not be firmly held
and the unstable clay resulting would tend to have the X
replaced by Ca, Na, or Mg to form an expanded clay structure.

Neither is the converse true. For, even if there is 15 or
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zoifpercent replacement in the tetrahedral layer but no
pdfassium is availabie, the lattice will be expanded.

This can be easily appreciated by a study of the data
p@ééented by Ross and Hendricks (1945). Of the 82
dfbctahedral montmorillonites analysed, 25 have nearly
léQPercent or greater replacement in the tetrahedral

léyer. (on the basis of the chemical composition of the
i;bure pyrophyllite lattice these 25 clays would be classed
as illite buf on the basis of their degree of expansion
they would be called montmorillonites).

. The above discussion suggests that starting with
af#ariety of impure pyrophyllite-~talc structures, x-ray
pétterns of either an expanded oi 2 non-expanded lattice
céh be obtained depending upon the external cations attached
t&;the lattice., The hydroxyl-endothermal reaction occurs
aﬁ;a variety of temperatures, depending upon the composition
oﬁ;the octahedral layers, and does not show any correlation
wééhwﬁhe "ot dimension of the lattice (the "a¥ and "b"
d#ﬁéééions are similar for both clays). The chemical
a@£%§ées, excluding the external cations, also show no
dﬁﬁgét correlation with the "c" dimension of the lattice.
(6gher differences such as the asymmetry of some of the

x#ray lines of the expanded lattice can be explained by

fﬁ? bonding strength, size, and charge of the external
cétions).
Although over the complete range of impure

pyrophyliite-talc compositions, either an expanded or a .
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non-expanded lattice can be formed under a variety of
conditions, there zppear to be poles or compositions
where one type of structure is predominant. These poles
may be the result of three factors: (1) selected
sampling in age, location, and variety of source .rock
(2) the tendency of certain cations to occur together
in nature and (3) the limited stability of ceftain combinations
of exchangeable cations and cationic substitutions in the
. lattice.

As more clays are being described and these poles
become less sharply defined, the quéstion arises as to
whether these clays should be divided into two separate
mineral groups when the distinction apparently rests
entirely upon the type of external cation present,
and particularly when minerals of these two groups also occur
interstratified. It is believed that such a division is
not a self perpetuating concept because it is based upon
criteria resulting from modifying processes acting upon
the clay, rather than upon the more fundamental composition
of the impure pyrophyllite-~tazlc structure which reflects
more accurately the original composition of the source
material.

The result of over-emphasizing the importance of
the expandability of 2:1 clays has led only to confusion
and as more information is acquired the confusion increases
geometrically, If the existing confusion is to be alleviated

the idea of expandability must be placed in the background
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and all 2:1, dioctahedral, and probably trioctahedral, clays
treated as one group with a breakdown into mineral species
based on the chemical composition of the impure pyrophyllite
lattice. The terms expanded ana non-expanded (or K, Ca, Mg
etc.) can be prefixed to these names to indicate the
external cations present. At this stage in»the development
of clay mineralogy it is best to use a classification
based on hypothetical end members that will include all
2:1, dioctahedral clay minerals. Figure 1 shows hoﬁ all
dioctahedral and trioctahedral 2:1 minerals with varying
degrees of expansion can be organized into a compact
classification.

The main breakdown of the 2:1 minerals is based
upon the location of the replacement occurring in the
impure pyrophyllite~talc lattices. The clays having greater
than 75% of the total replacement occurring in the tetra-
hedral sheets are referred to as tetrites. Clays having
greater than 75% of their total replacement occurring in
the octahedral sheet are called octrites. Clays having
greater than 25% of the total replacement occurring in both
types of sheets are called tetoctrites.

 Bach of these sub-groups are’ further divided on

the basis of whether the clay is dioctahedral or tripcta-
hedral. The dicctahedral clays are divided into Al and Fe

depending upon which is the predominant element in the

~,

octahedral sheet,fthe trioctahedral clays contain only Mg

as the predominant element in the octahedral sheets.
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The secondary classification is based upon the
composition éf the external cations which directly reflect
the degree of expansion., The expanded clays have Ca, Na
and Mg etc. as the external cations. The non-expanded
clays have K as the external cation. Clays having both
types of external catiéns are the mixed layer type con-
taining both expanded and non-expanded layers.

Eventually nameé might be given to all possible
conbinations of the two divisions; however, for the
present the use of descriptive terms will help to avoid
confusion. The illite-like minerals can be referred to
as non-expanded Al 2:1 clays. Where the camposition is
known they can be further defined and called non-expanded
Al tetrites or non-expanded Al tetoctrites; glauconites
are Ealled non-expanded Fe tetoctrites; trioctahedral
illites are non-expanded Mg tetoctrites. Iliany of the
montmorillonites are expanded Al octrites; most are ex-
randed Fe tetrites. Beidellites can be classed as expanded
and non-expanded Al tetrites or tetoctrites.

It is thought that this arbitrary breakdown on

the basis of the location of the predominant replacement
in the lattice, will avoid the confusion caused by trying
to name newly described minerals by comparing them with
established species. From the name the general composition
of the impure pyrophyllite lattice and the state of expansion
can be inferred. And by making the state of expansion

secondary and independent of composition a more realistic
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approach to the oxigin and genesis of these clays can be
used. The compositioh of the impure pyrophyllite-talec
lattice reflects the original source of the clay mineral.
The composition of the external cations, and degree of
expansion reflect environment and environmental changes

occurring after deposition of the clay.
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ORDOVICIAN K-~-BENTCNITE

INTRODUCTION

Geological Qccurrence

Bentonite (a clay formed from the alteration
of glassy igneous materieal, usually a tuff or volcanic
ash) is common in the Cretaceous and Tertiary rocks of
the western United States and is usually composed of
montmorillonite clay minerals., Nelson (1922) was the first
to report altered volcanic ash beds in the eastern United
States. These beds were found in Kentucky, Alabama,
Tennessee, and Virginia., ZLater Bonine and Honess (1929),

Rosenkrans (1933) and Kay (1931, 1935, 1944) located and

described occurrences in.central Pennsylvania and southern
New York. Sardison (1924) and Allen (1929, 1932) reported
altered volcanic ash beds in Minnesota, Jowa, and Wisconsin.
These eastern occurrencés are all found in the Trenton and
Black River limestones of the Middle Ordovician,

The eastern beds were classed as bentonite because
of their occurrence as thin, wide-spread beds and the
ability of the material to slake when placed in water.

Ross (1928) reported euhedral crystals of biotite, and
crystals of orthoclase and albite in the material. Volcanic
structﬁre is rarely preserved and has cnly been noticed by

Ross in a few thin sections.

Since much of the clay has been metamorphosed by
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slippage along bedding planes, Ross (1928) suggested it be

- called metabentonite (highly altered bentonite). However,
as much of the material is not metamorphosed, it would per-
haps be best to refer to it as potassium bentonite (X-
bentonite) to differentiate it from the montmorillonite
bentonites,

Grim and Rowland (1942) reported that the"meta-
bentonites' from High Bridge Kentucky gave a differential
thermal curve like montmorillonite and x-ray patterns
similar to mica. They were not able to reconcile the
apparent discrepancy. Bradley (1946) proposed that the
material consists of mixed layer mineral compésed of illite

and montmorillonite.

Samples Studied

Twenty-two samples of K=bentonite were collected
from five different localities and fourteen stratigraphically
different beds in Central Pennsylvania.

The beds vary from 4 inch to 10 inches wide and
average 2 to 4 inches, The color varies from tan to gray.
Nearly all of the beds contain an abundance of thin lgyers
of secondary calcite,

The fresh XK-bentonite is hard and gives a semi-
conchoidal fracture. This material is quite blocky and
solid pieces 4 to 6 inchés thick and a foot sguare can be
obtained. The more weathered materizsl has a shaly texture

and breaks into thin chips. This grades into a highly
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weathered plastic clay with no evidence of structure.
Figure 2 is a columnar section of Middle Ordo-
vician rocks in Cehtral Pennsylvania taken from Kay (1944).
Beds of metabentonite are indicated by numbers from O to 7
and the letters N;, No, and A to F. These beds are
described in detail by Rosenkrans (1933). The location and
the beds from which the present samples were obtained is

given in Table 1.

Table i

Localities and Beds From Which K-Bentonite Samples
Were Collected

Symbol For Beds

uar '
Ozk Hall (OH) 2 0 Ny NQ.

Bell Mine Quarry»(B) A D

Bell Liine (M) _ ' Ny A D
Water Quarry (W) A B C D E
Salona (S) 543210 A 7

Oak Hall (CH) is located 3 miles east of State
College. The samples were collected in a quarry which is
still in operation and thus the specimens are relatively

fresh.e Several samples were collected by Dr. C. E. Prouty

of the Unive;sity pf Pittsburgh.
The Belle Mine Quarry (B) at Bellefonte, 10 miles
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northeast of State College has not been worked for many
years and the K-bentonite samples from heré are highly
wéathered.

In an attempt to obtain fresh material 3 samples
were collected from the Belle Mine (M) shaft 600 feet
below the surface (about 1/4 mile east of the quarry).
However, only one sample Nz appeared to be fresh. '

The Water Quarry (W) is an abandoned quarry 2
miles east of the Belle Mine, All of these beds are
considerably weathered,

Eight samples were collected at Salona, 50
miles northeast of State College. Several beds are guite
fresh but many are weathered to a plastic, structureless
material.,.

Table II is a list of the samples with.a brief

megascopic description,

Table II

Description of KPBenfonite Beds

Sample No. Deséription

Light gray, highly weathered, structureless,

.Light gray, highly weathered, structureless.

Light gray and light tan, moderately weathered, shaly.
Tan, fresh, hard, blocky.

Tan, highly weathered, structureless.

Tan and gray, fresh, shaly.

Gray, moderately weathered, shaly.

mmmm?mmm
SORMOPdO

-T Gray, moderately fresh, shalye. .
W=A Light tannish gray, highly weathered, very fine chips.
W-B Light tannish gray, highly weathered, very fine chips.
W-C Light tannish gray, moderately fresh, shaly.
W=D Gray, moderatély weathered, shaly.

W-E Tan, moderately weathered, shalye.
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Table II (cont.)

Sample No. Description
B-A Gray, moderately weathered, fine chips.
B~D Gray, moderately weathered, shaly.
Msz Gray, fresh, very hard, blocky.
M-A Gray, moderately weathered, shsaly.
¥-D Gray, moderately weathered, blocky to shalye.
CH-2 Tan, fresh, blocky.
OE-O Gray and tan, moderaztely fresh, shaly.
OH-Ng Gray, fresh, blocky to shaly
OH-Nl Gray, fresh, blocky.
OH-N7 Tan, moderately fresh, shaly.
MINERATOGY

Bulk Samples

Size Anzlysis

Twelve, 20 gm. portions (crushed to pea size or

less) of sample B-D, were each placed in 500 cc. of water
and shzken on & rotary shaker for periods of from 5 to 100
hcurs. 2% cc. of material of less than 1 micron size was
drawn off and the amount in each sample was plotted against
the shaking time. (Figure 3). From this graph it can be
seen there is a break in the slope of the curve somewhere
between 20 anéd 30 hours. Thus a2 run of approximately 24
hours will give the maximum amount of dispersion in the
most reascnable time., The efficiency of the rotary shaker
decreases considerably after itwenty-four hours to egual the
dispersion between 5 and 25 hours would require an additional

Tun of 60 hours.

Twenty grezms of sixteen of the K-bentcnites were
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placed in 500 cc., of distilled water, 8 drops of NH,OH were
added and the samples were shaken for 24 hours on a rotary
shaker. The samples were then diluted to 1000 cc. and
pipetted at 1 @ intervals. Cumulative curves were con-
structed (Figure 4 - 6) and tables drawn up showing the
amount of material in each @ size. (Table 3). (The ¢
sczle as derived by Krumbein (1934) simplifies the calculations
required in statistical analyses. The logarithm, to the
base 2, of the diameter is used and the log is multiplied
by -1 to avoid negative numbers (phi -log, diam. (mm))

The cumulative curves give a graphical represen-
tation of the amounts of material in each grade size. As
it is doubtful if the method used completely dispersed the
clays, the curves are actually a measure of the degree of
dispersion réther than of the 'size relationships. O0Of the
two types of curves seen in the graphs, one is approximately
a straight diagonal line between 4 and 11 ﬂ. The other
type shows a rather sharp increase in slope around 7 or 8
g extending to 10 or 11 & indicating that the unique fre-
quency curve has a fairly sharp peak with a mode near 9 - 10 4.
The K-bentonites which have curves with a break in the slope
are fresher than those with the constant slope with the ex-
ception of sample M-No, which is the least weathered meta-
bentonite and yet produces practically a straight, horizontal
curve. This exception is due to the fact that only 32.5% of
the mater%al was dispersed to finer than 4 Z (12.5% between
4 and 11 ) and thé‘change in slope would not be apparent.
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MFNZ has been slightly metamorphosed and as a result is
much harder than any of the other K-bentonites and does
not break down so readily.

If the amount of material below 1 micron is
totaled for each sample it can be seen that the moderately
weathered samples show a cluster of values ranging only
from 19.5 to 20.3 grams, whereas the moderately fresh and
fresh K-bentonites have values ranging from 5.87 to 34.0
grams.,

pH values of each of the samples were taken
(Table 3)s The highly weathered and moderately weathered
samples have values ranging from 6,00 to 7.80; the
moderately fresh and fresh specimens give values ranging
from 4.4 to 7.95., Though there is no direct relationship
between pH values and the amount of material less than
1l micron in size, there is a clustering of the pH wvalues
of the weathered K-bentonites similar to that of the less
than 1 micron fraction (Figure 8),

It seems that weathering tends to decrease the
amount of variation in several properties of the K-bentonites, .
as is to be expected, whereas the fresh clays show considerable

amount of individusal wvariation.

Differential Thermal Analysis Data
Differential thermal patterns were run on 21 of
the samples using approximately 0.7 gms. of material sieved

through a 100 mesh sieve. All samples were run in a nickel
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block with six sample holes. Eight of the samples were
rerun one ét 2 time using the Leeds and Northrup preémpli-
fier to give an amplification of approximately seven times,
The furnace was heated at the rate of 10° C per minute.

Differential thermal cuxrves of Illinois illites,
reported by Grim and Rowland.(1942) show endothermic peaks
at 100-200° ¢, 500-650° ¢, and about 900° ¢, and an exo-
thermic peak immediately following the third endothermic
peake.

Montmorillonites as repo;ted by Grim and Rowland
and by Kerr, Kulp and Hamilton (1949) have endothermic
peaks at 100-200° ¢ and about 900°nC. The last is immedi-
ately followed by the exothermic peak representing crystalli-
zation of spinelf In nontronite the second endothermic
peak occurs at 500° ¢ and in hectorite it occurs at 800° ¢.

The first endothermic peak is caused by the loss
of adsorbed water. The second, in both illite and montmor-
illonite, accompanies the loss of most of the water from
the lattice and the third endothermic peak is interpreted
as being associzted with the final destruction of the 2:1 .
structure.

The differential thermal curves of the 21 X-
bentonite samples (two of which are shown in Figure 9)
show a Broad endothermic peak at lOO°-260° C. In many of
the curves this is a double peak and is considered to be
due to the loss of water of hydration from adsorbed ions,"

probably calcium. This peak is followed by a broad endo-
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thernmic swell between 500° and 700° C. Generally it
starts near 500? ¢ and slopes gradually until it reaches

a maximum at '700o C where it returns to the base line
rather sharplye. Howevér, several of the curves (S-2, S-3,
-4, S-5, M-A, M-N,, OH-2, W-C, ) show a break in the slope
at 600 C with samples S-4 and OH-2 having a stronger peak
at 600 ¢ than at 700° C.

All of the curves. have another endothermic peak
between 900 and 1000° Ce Calcite impurities will enlarge
this peak or produce a second in this range. (The various
exothermic peaks between 300 and 600° ¢ are probably due
either to organic matter or iron sulphide or both, A
distinct exothermic peak occurs in .all of the pattérns at
1000° ¢ and slightly higher.

Grim and Rowland (1942), Bradley (1946), and Kerr,
Kulp and Hamilton (1949) have reported curves similar to
these in samples of metabentonite from Kentucky and Virginia.
Grim and Rowland commonly call curves of this type a mix-
ture of illite and montmorillonite and showed that synthetic
mlxtures of these two minerals give such curves,

In the K-bentonlte patterns the broad 100-20C¢" C
peak is characteristic of both illite and montmorillonite,
though the peaks appear to be too shallow for pure montmor-
illonite. The gentle swells and.pronounced peaks near
600° Cc are characteristic of illite and the peak at 700o C
is characteristic of montmorillonite. The 900-05O° C endo~-

thermic reaction is again characteristic both of illite and ‘
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montmorillonite, though the peak and the following exothermic
peak at 1000-1020° ¢ are both quite high for illite and for
most of the montmorillonites. However, some iron-rich
montmorillonites show reactions this high.

Sample S-0 after being heated to lOOOO C gave a
weak x-ray spectrometer pattern of spinel. A small portion
of S-0 K-bentonite was heated to 1400° ¢ and quenched.
Examination under the microscope showed a matrix of glass
containing abundant needle~like crystalse.

Though the curves are in general similar there
is considerable variation particularly in the critical
500 to 8000 C range and it seems likely that the K-bentonites
are not uniform in composition. The variation dces nct

appear to show any relation to the degree of weathering,

X-ray Data

X-ray spectrometer and camera type patterns were
made of each of the bulk samples. Nearly all of the patterns
contazined a few lines due to calcite or quartz. Iater in
the report a detailed evaluation is made of several‘x-ray
patterns. In Table 4 only the (00l1l) lines of the patterns
are given, |

Whereas the majority of the 4 values check closely
with those listed for illite there are many anomalous lines,
All of the sarples but one contain a moderately strong (001)
line with a value between 10.1 and 10.5 £. One sample has

a value of 12.4 X. Eight of the 21 samples give a very weak

(001) line near 14 2.
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TABLE 4

" Bulk X-ray Data - (OOl) Lines
sample a in & I d in & I
S-0 10.2 m
S=1 . ' 10.3 m
5=-2 1?.9 ww 10.3 m
S=3 14.0 ww " 10.2 m
S-4 13.9 ww 10.5 m
S=5 14.0 ww 12.4 w
S=-A 10.3 m
S-F ' ' 19.2 m
M-A 14.0 ww 10.2 m
i~-D . 10.1 w
M-Ngo 14.2 wwW 10.3 m
B-D 10.2 m
OH-0 | N 10.4 m
CHEH-2 14.0 w 10.6 m
OH-N4 10.3 m
OH~-Ng 10.5 m
W=4A o a
W-3B o 10.4 m
W=C 14.0 wwW 10.3 m .
W=D a
W=E 10.3 m
m = moderate
w = weak
wWW = very weak
a = absent
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Electron'Microscope Data

Electron micrographs were taken of each of the
21 samples using the bulk material, ~The mérphology of the
meterial is remarkably consistent in all of the samples as
can be seen in the iour typical pictures, Eigure 10-13.

The,Kbbentonites all show thin, sharply outlined
flakes which are generally sub-equant and have irregﬁlar
borderse. _The degree of weathering and the color does not
appear to affect materially the morﬁhology. Figure 10 is
an electron micrograph of S-5 which is a light gray, highiy
weathered, K-bentonite ccontaining impurities. Figure 11
is an electron micrograph of M-Nz, a gray, very fr%sh, hard
K-ventonite., Figure 12 is an electron micrograph of M-A,
a gray, moderately weathered sample. Figure 13 is an elec-
tron micrograph of W-D, a yellow, moderately.fresh.K;bentonite.
The exceptionally large flake in the lower left is probably
biotite. In contrast, the Fithian illite Figure 14 consists
of irregular aggregates that show a "cottony" appearanée.
Discrete flakes are either few in numbér or so small as not
te be resolved., Figure 15 is an electroﬁ;nﬁcrograph of
"metabentonite" from a well core near High Bridgeerntucky.
This material consists of discrete flakes ‘similar in mor-

phology to the K-bentonites from Central Pénnsylvania_but

much smzsller.
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Ve pgems rasn s v ey

Fig_.‘:}.(').- (s-5) A 1light gray, highly weathered, K-bentonite.
X 15,000 |

- oin oo,

.
it

A T

Fig.';;'- (M~-N5) A gray, very frésh, hard K-bentonite,
X 21,600 .
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Fig. 12 - (M=A) A gray, moderately weathered K~-bentonite.

X 15,000

til 2 L A NI AT T S, R A S A T e 0 e AT L
DR bl S o o b AR eI M SAENA R o

Fig. 13 = (W-D) 4 yellow, moderately fresh K-bentonite.
X 15,000
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e

Fig. 14 Illite from Fithian, Illincis, showing irregular

aggregates having a'"cottony" appearance. X 15,000

Fig. 15 "lNetabentonite" from High Bridge Kentucky showing
small discrete flakes. X 15,000
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Fine Fraction

Introduction

On the basis of the bulk analyses the 21 clays
were divided into two groups. A typical sample (0H-2, OH-Nl)
from each group was chosen and investigated in detail., The
diffe;ential the;mal curve of sample OH-Z has both a gOOo C
and 7000 C hyd;qul-endothermal peak whereas sample OH-N;
has only the 700° C peak. X-ray patterns of OH-2 have (001)
lines at 14,08 and 10.68; OH-N; has only one line which is
at 10.38, 1In addition both samples were relatively fresh.

Sample Preparation

. Two hundred grams of crushed material were added
to 1500¢c of water togéther with eight drops of NH;OH_and
the mixture was shaken on a rotary shaker for 24.hours.
Sample OH;E Wentvinto suspension but sample OH-Nl Quick;yl
flocculated and it was necessary-to add approximaiely 10,000cc
of water to this mixture before it would reﬁain in suspensione
The less than one micron fraction was decanfed six times
from both suspensions.

A feﬁ drops of acetic acid were added to flocculate
the less.thah oné micron fraction, the excess watef was
decanted, and the clays were electrodialyzed for 150 hours
to form a hydrogen based clay. At the end of 150 hours
OH-2 was completely flocculated but a small portion of OH-N;g

remained in suspension. The samples were dried for two weeks

at approximately 60° C.
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Four gram batches of each of the electrodial&zed
samples were placed in solutions of KOH, NaOH, CaCl, and
NH@COé. These samples were shaken for 24 hours and then
allowed to stand for four weeks. Tﬁey were then centrifuged
three times for 20 minutes at 2000 RPM with the water de=-
canted and fresh added each time. Some of the finer fraction
of each of the four samples remained in suspension and was
collected by evaporating the water.

~ More of thg less than one micron fraction of OH-2
apd OH-Nl was figgﬂéd by adding 30 grams of raw sample to
500cc of Wa%é?fnshaking on the rotary shaker 56 hours, de-
canting andﬁdrying at 60° ¢. This time neither sample
flocculated. These samples will be referred to as untreated
samples.

Following the method described by Caillére and
Henin (1949) three grams of each untreated sample were
placed in 150cc of one normal KCl and allowed to stand for
several days. Then the excess liquid was decanted and
200cc of one normal KOH was added to the clay., This was
boiled for eight hours in an Erlenmeyer flask attached to
a vertical cooling column, .The material was filtered, washed,
and driéd for 18 hours at 60° Ce This was repeated three
times for both samples with a small portion of each removed
after each eight hour périod. In addition, sample OH-Nj
was boiled in KOH an additional 36 hours making a total of
60 hours. |

Two untreated samples were placed in a 1N solution
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of KOH and alternately wetted and dried ten times,

Untreated samples of both clays were also heated
for a 24 hour period at temperatures of 500, 600, 640, 675,
and 700° c.

X-ray Data

Approximately 50 x-ray diffraction patterns were
measured and studied in considerable detail. The inter-
pretation of these patterns is based on the work of
Bradley (1946) (1950) and Brown and MacEwan (1950).

| Table 5 lists the various cations with which the

less than one micron fraction of the clay§ were treated
and the measured value of the resulting (OOR) lines with

the largest‘spacing.

TABLE 5
Largest (00AL) Spacings

OH-2 OH-Ny
: o]
Untreated 10.98 m  14.08 ww 10.84 m -
H 109 m 14.0 ww 10.8 m -
Ca ‘ . 10.8 s 14.0 ww 10.9 m -
Na 10.4 s ' 10.4 m -
X 10.3 m 14,0 wwe 10.4 m -
K (boiled 60 hrs) 10.4 ss 14.2 ww? 10.3 s -
NH4 ' 10.3 s .
Ethylene glycol 9.5m, 11.1 m - 9.5 my, 11.3 m -~
24 hrs at 5000C 10,0 s 14.2 m
"non " 600°C 10.0 s 13.4 w
wo o w6409 10.1 s 13.1 ww
wown g75% 10.0 s - ‘
T w  700°% 10.0 m - 10.1 S -
ss - very strong m - moderate wwW - very weak
s - strong w - weak
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The (060) value of 1.5OX (not given in this table)
indicates that the clay is a dloctahedral mineral. The
(oof) values ranglng from 10.3 to 10. 92 are not characteristic
of any pure clay mineral. However, such values commonly
are found in randomly interstratified 2:1 clay minerals.,

Hendricks and Teller (1942) devised a formula
which would predict the (00f) values to be expected from
a random mixtufe of two sheet-like layers of different
thickness. This formula was modified by Brown and MacEwan
(1950) who constructed a series of graphs from which the
(oof) spacings resulting from mixtures of two different
sheet structures could be read.

There are several factors which determine the
(00Q) values of mixed layers of different thickness. The
resulting (002) value will fall between two closely
associated (00f) values for the individual layers in a
prosition determined by the relative closeness to one
another of these wvalues. The position of this peak will
be modified further by the structure factor of the layers,
by the polarization of the diffracted radiation, by the
form of the specimen, and by the relative amounts of the
two structures.

t can be seen from Table 5 that the untreated
clay, the H based clay, and the Ca based clay 2ll have
similar values of 10.8-10. 92 Barshad {(1950) has reported
that the (001) spacing for H montmorillonite is 14.58 and

for Ca montmorillonite 15.12. Assuming, therefore, a
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-random'mixture of non-expanded, 102, dioctahedral, 2:1 layers

(O_60=l.50Ao) and either 144 of 15.4% expanded layers, the
relative amounts qf the two types of structures can be read
from the graphs of Brown and MacEwan.

Table 6 shows the three values taken from the
graphs and the (OO’) lines of tpe individual structures which
conbine to give £he resulting (OO!) value of the mixed layer
mineral. (f=the p;oportion of layers With higher spacing.)
For a mixture of IQX and 14K layers an f of 0.25 gives a
value equal to the measured value, For a mixture of 102
and 15.48 layers an f of 0.20 gives a value equal to the
measured value. Brown and MacEwan list three (00f) values
for each mixture., Table 6 shows that all three values for
each f check closely with the measured values.

These data in@icate that the clay contains 75 to
80% of 102 layers and 20 to 25% of expanded layers, the latter
having a thickness somewhere between 14 and 15.42.

Returning to Table 5 it can be seen that Na, X,
and NH, based clays give (00@) values of 10.3-10.44.

Barshad lists the (00l) values for montmorillonite treated
with these cations as: Na=11.9; K=12.0; NH,=12,1. On

the basis of the above work using an f of 0.20 to 0.25 and

end members of lOK and 12.4X the calculated results should
check with the measured values if the previous interpre?ation
is correct. As shown in Table 6 the (oo?) value for 10/12.4
with £20.20 is 10.3 and for £f=0.25 is 10.5;3 the measured |

values are 10.3-10.4. The other two (OOI) spacings also

e K
4
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TABLE 6

Random TLayer Data

10/14 Original 10/15.4 Untreated
f 0.25 Indices f 0.20 H, Ca
10.9s ool 10.9m 10.8-10.9m
‘001 :
4.90m 002 ' 5,088 4.94-5,00m
003 .
3,3%m 003 3.31m 3.25 to
004 3.43m broad
10/12.4 10/12.:4 Na, K, NH,
f 0.25 - f 0.20 ' 4
10.5s 001 10.3s 10.3-10.4s
001
5,14w 202 5,12w 5.11-5.19%
002 v
3.26m 205 | 3.31m 3,273,308
004
10/17.7 ‘ 10/17.7 Ethylene
f 0.25 f 0.20 glycol
11.7% — 11.4% 11.1-11,7%
001 -
9.5m o001 9.6m 9.5~9.7m
002 | ) ,, |
4,95 to 5,08 proad 002 5403w 4.87 to 5.,13w proad
w 003 (4.97W-5.23w)
3.42w 0205 337w 3.345
005
—Tange f - proportion of layers with higher spacing
to-width 00f - nonexpanded indices * diffuse

00f - expanded indices

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



47

coincide.

A further check can be made by soaking the clay in
ethylene glycol and expanding the 20 to 25% expandable layers
to 17.?2. The results are shown in Table 6 where it can be
seen that the measured and calculated values are quite gsimilar.
The 11.4-11.72 calculatea values are broad and extend up-
ward to larger values. It might also be noted that, whereas
in the other graphs the principal (OOI) values were obtzined
by a combination of the (00l) spacings of both structures, in
the 10/17.7 spacings.the principal spacing is formed by a
combination of the (001) reflection-from the 10f£ unit, and
the (002) from the 17.72 unit (8.852) giving a (004) value
less than 10&. A broad spacing extending from 4.95 to 5.28
is calculated for the f=0.,25 value. In some of the megsured
patterns this line split into two distinct linés at 4.972 and
5.253. The calculated values also split into two distinct

lines as f is increased.

These x-ray data show that sample OH-Ni is composed
of randomly interstratified dioctahedral layers of which 75-80%
are non-expanded and 20-25% are expanded., Sample OH-2 has the
same type of layers mixed in the same rela?ive proportions
plus some packets of & mineral with a 148 (001) spacing.

It should be noted here that when these clays were
Placed in a 1N solution of KOH and alternately wetted and
dried ten times there was a complete collapse of the expanded

layers and a (00l1) value of 10.0% was obtained.

Table 7 contains ahlist of all the mixed layer lines
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TABLE 7

Mixed Layer Spacings and Indices

Samples : Indices
OH=-2 Illite Randomly
E clay I Calhoun I Muscovite Interstratified
din d.in Mineral '
10.9 m 001
001
9.98 s 002
4,97 w 004
002
4,95 m 003
4,47 m 4,47 s 110
4,11 ww 022
3.70 w Se? wW 023
3.4 m Sed ww 114 )
ms 3,31 m 006 =2
(5)
3425 3e2 wW ll4
3.11 wW ' 115
2,98 w 025
2.83 w 2.84 ww 115
2.55 m 2.56 [ 202 .
2.495 w 008 oo4
005
2.45 w 2.44 w 133
2.38 mw 2438 m 133
2.245 w 2.24 m 221
2.18 w 2.18 w 223
2.13 w 2.11 w 043
1.97 m 1.98 m 0010 9_%.3.
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TABLE 7 cont.

Samples | Indices
0H=-2 Illite Randomly
H clgy I Calhqun I Muscovite Interstratified
dim dim Mineral
1.65 mw 1.65 w 310
l1.64 -om 312

1.50 m 1.50 S oéo

1l.42 wwW 0014

1.34 w 1.34 ww 335

1.29 w 1.29 m 400

1.25_5 | s « 462

1.245 w 1.24 w 0016

Indices unknown but line
reported

Uncertain if line belongs
in this group
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measured from a typical x-ray pattern of OH-2, together
with the lines for illite from Calhoun Co., Illinois as
given by Grim, Bray and Bradley (1937). The Table also
contains the indices for muscovite and the randcmly inter-
stratified mineral.

Table 5 shows values of 14.X in sample OH-2
which are not present in sample OH-Nl. Bradley¥*suggested
that this spacing is probably due to packets of 14.0X
layers interspersed among but not part of, the predominant
interstraztified layers, and this interpretation haé been
verified.

The 14.03 line is present in the untreated, H,
and Ca clays but is either very wezak cr absent in patterns
of the Na, X, and NH; clays. Since the spacing does not
change to 12.0-12.42 when the clay is treated with Wa, X,
of NH#. These 14.02 packets are not of the same material
as the expanded 14.0A5.4§ structures in the interstratified
material.

Sazmple 0H-1 B, found immediately ebove Sample
0OH-2, gave an x-ray pattern containing a 14.2 line three
to four times as d&rk as that in any of the previously
examined samples. On the other hand, the mixed layer
ratio was the same as in OH-2 and OH-N;. The series of
lines associated with the 14 X spacing suggested that the
material is chlorite.

Using the data of Brindley and Ali (1950) it

% Personal Communication
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was possible to prove more definitely that thé 14 X reflection
was caused by a chlorite minerzl. These authors reported
that when powdered penninite is heated to 600° ¢ for two
hours, the x-ray intensities change. They calculatea

xX-ray intensities, using a one-dimensionzl Fourier ana-

lysis of the electron density distribution, for various
atoxmic arrzngemenis. The best agreement between calculzted
and measured intitensities occurred when they assumed two-thirds
of the brucite layer to be decomposed and the liberaied ¥g
and 0 atoms tc be in the hydroxyl skeetis., As the chlorite

is heztecd the first stage of dehydration consists of a loss
of avout half of the eight water molecules at 600° C. This

is accompznied by a2 migration of the liberzted ¥g atoms

into or towards the hydroxyl sheets of the brucite layer

c
he originzl 14,45 A lattice height is recduced to

ct

and

'.l
‘N

2

\%]

o
A, At 660° C the remsining water is lost and the

. . . 0 -
zttice shrinks to 14,09 A, At '7600 C the structure brezks

1~

éown and most of the penninite lines disappear.
Tzble 8 shows the (C0l) values obtzined by

for chloriite heesited for two hours and

e

Brindley and A1
ues obtzined for samples 0H~2 and OE-1 B heated

for itwenty-fiour hours.
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TABLE 8

Data on (001) Values for Heated Chlorite

Brindley

and Ali OH-2 OH-1B
temperature Q0L 001 001
20° ¢. to 300° C. 14.45 & 14.0 £ 14.0 £
600° c. o 14.22 13.4 13.6
660° c. 14.09 13.1 .

The differences between the chlorite packets of
the K-bentonite samples and the chlorite of Brindley and
Ali may be due to inaccurate measurement and to the length
of the heat treatment; but more likely may indicate that
the chlorite in the K-bentonite is a different variety
than the pure Mg chlorite of those authors.

Table 9 shows the relation between the observed
intensities at normal temperature and at 6000 as described
by Brindley and Ali and those for sample OH-1B.

The comparison is not exact as the chlorite is
apparently not a pure Mg variety and as the x-ray patterns
of OH-1B contein overYapping lines for a mixed layer
mineral and for quartz. However, the sharp increase in
intensity of the (001).1ine~and the definite weakening of
the (002) and (OOS)-iines, when the material is heated to
600o C. strongly suggests that the mineral is a chlorite.
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TABIE ©
The Change of X-ray Intensities of the (00f) Series of
Chlorite Heated to 600° C.

Normal 600° ¢
Brindley OH-1B Brindley OH~1B
and Ali and Ali
001 24 m 121 s
002 67 wmn 23 a
003 81 m 30 ww
004 100 wm X 100 ww
005 67 m X 186 w
006 -0 w X 100 a
007 37 w 58 wWW
008 11 a "0 a
009 11 W X 43 wW
0010 27 W X 62 a
0011 0 a 40 a
0012 35 a a
0013 0 a a
0014 27 a a
s = Strong
m = Moderate
w = Weak
ww = Very weak
x = Overlapped by lines of other minerals
a = Absent

The comparison is not exact as the chlorite is
apparently not a pure lig variety and as the x-ray patterns
of OH-1B contgin overlapping lines for a mixed layer
mineral and for quartz. However, the sharp increase in
intensity of the (001) line and the definite weakening

of the (002) and (003) lines, when the material is heated
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to éOOo C strongly suggests that the mineral is a chlorite.
In Table 10 are listed the d values for OH=-1B

and the rahge of d values for twenty chlorite patterns

taken from the literature. liany of the lines are over=-

lapped by lines of other minerals but the unambiguous

lines check quite closely with the chlorite values.,

Particularly important is the 1.55 & (060) reflection

which is characteristic of a trioctahedral mineral.
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TABLE 10
Chlorite X-ray Diffraction Data

ILiterature Intensity OH-1B Intensity  Index Interfering

d d Lines
15.1-15.0 &  w-m 14.0 & m 001
67=7a2 S 7.1 wW-m 002
4,5-4.8 WeS 4.7 m 003
S5.92 W 3.87 wW _ -I
3.42-3.58 m-S 3e52 Wi 004
313 wW Sel3 ww N -1
2.83 m 2.83 m 005 _ -1
2.70=2.79 Ww-In 275 wW - gtz.
2.55-2,59 m 2.57 5
2,38=2.46 m 245 w gtze.-I
2.53 wW 2.34 w 006 -I
2.25=2.27 w 2.24 m -I
2.00=2.09 WeI 2.03 w 007
1,86-2.00 WW-I0 2.03-1.97 w -I
1.88=1.50 WWeIl 1.86 W
1.73=1.76 wW j
1.66-1.68 W 1.67 w
l1.55-1.58 W-S 1.55 w 009 oéo
1.51-1.53 wW-85 1.51 w '
le4l=l.44 wwW 1.42 wW 0010 -1
1.37-1.,39 w |
1.30-1.,33 w 1.29 1 -1

I = Mixed layer clay lines
gtz= Quartz lines
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Differentiél Thermal Analysis Data

Differential thermal esnalyses were made of the
untreated, the electrodiaiized, and the XK0H, NaOH, and
CaCls treated clays. These samples were run in 2 nickgl
block with the temperature increasing at the rate of 10°
per minute and with a seven fold amplification,

| Differential thermzl curves of untreated clays

0H-2 and OH-Ni‘are shown in Figure 8. All patterns con-
tained a strong endothermal peak at 100-150° ¢. 1In
addition the curves of the CaCly, treated clays contain a
small endothermal peak at 225° C which was found elsewhere
only on curves of the untreated clays. This would indicate
the presence in the original clay, of some Ca (or possibly
kg) which was replaced in the other sampies, by the X, Na
and H cations.

The hydroxyl-endotherrsl peaks were not shifted
in position though in OH-2 the amplitude of the 700° C
pezk relztive to the 600° C peak, tended to increase in
the sazmpies trezied with X, ¥z, a2nd Ca. A further in-
vestigetion of the hydroxyl-endothermal reactions wzs
r=de by heating sample O0B-2 on the differentizl thermz=]l
gnalysis apparatus, using z continuocusly increzsing temper-~
ztore. On=z szmple wzs nezted o 600° C and another tfo.
700° ¢. These sgrples were allowsd to sitand in zir for
12 dzys znd were then rerun on the differentiazl therms=l
znzlysis urit. The curve of the szmple previou§ly hea#ed

to 600O C k=z¢d =z brozd endothermic swell from 500 to 600° C
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andﬁghe 700° ¢ peak was lowered slightly to 690° C. The
sampie préviously hegted to 700° ¢ gave a sharp'peakkof-
moderate depth at 550° C and a weaker one at 600° ¢ and
no peak in the 700° ¢ vicinity. A sample of OHéNl; was
heated in the same manner to 725° C. After 13 days in
air this sample was rerun and the.xesulting curve contained
a weak, broad swell from 500 to 600° Coe

. These runs indicate that the hydroxyl ions re-
moved by heating are partially readsorbed, but in such a
manner that they are more easily removed than the original
hydroxyl ions.

ngples of 0372 were heated at constant temper-
atures of 600° ¢ and 700° ¢ for a period of 24 hours,
cooled in a desiccator and run on the differential thermal
analysis unit. As'was to be expected after such treatment,
both samples gave only the 950° ¢ éndothermic reak., This
shows that the hydroxyl ions which give an endothermic
reaction at 700° C when the clay is heated with a rapidly
%ﬁ%reasing temperature can be removed at a much lower
iemperature if the length of time of the heat application
fs increased. ' . .

The hydroxyl ions in the illite and montmorillonite
structures are bound only by the cations in octahedral
coordination, Therefore the bond strength of these various
cation-hydroxyl combinations should depend in large part
upoh the type of cation present. The strength gf thig bgnd
is reflected in the endothermic peaks between 400 and 900° C
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on differential thermzal znalysis curves. Therefore an
attempt was made to correlate the percentage of the warious
cations in octehedral coordination with the temperature
of tkhe 400 to 900° C endothermic peak. Hectorite and
chlorite, minerals with a predominance of Mg in the
octahedral positions, have an endothermic peak at 800° c.
Nontronite, which has Fe in the octahedral positions,
hes an endothermic pezak at 500° ¢c. Iontmorillonites with
a predominance of Al in octahedral positions, have endo-
thermic peaks around 700° C. |

These three values (1g=800° C, Fe=500° ¢, A1=700° C)
were used as end points on a ternary diagram, Figure 16.
A survey was made of the chemical analyses of minerals in
the montmorilionite and illite groups in the literature
and the percentage of the various cations in octahedral
coordination was computed using the method described by
Ross and Hendricks. The percentages were plotied on the
dizgram and the temperature of the endothermic peak for
each was noted. The hectorite (800° C) and nontronite
(500° C) minerals separate into distinct groups. The
montmorillonite and beidellite samples are clustiered near
the Al corner of the triangle and as a whole contain more
Mg than Fe. The temperature of the endothermic peaks of
this group varies only from 660 to 700° C. |

The illites tend to occur on the Fe side of the
montmorilionite znd beidillite cluéter with many of them

completely outside the cluster and closer to the Fe corner,
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These have temperatures of 530 to 575° ¢.

A1-700°

nt.-Beid.
(660-700"C)

800°C M Fe-500°

Figure 16

The separation between montmorillonite, beidellite,
and illite is not distinct though there is a tendency for
the illites to contain more Fe, which would account for
their lower temperature endothermic peak.

As Kerr, Kulp and Hamilton (1950). suggested,
the reason that there is no regular or distinet variation
between temperature and composition may be because of
preferential bonding of the octahedral cations, i.e.,
certain cations have a greater affinity to form a hydroxyl
bond while others may prefer an oxygen bond,

OH-2 was electrodialized for three hundred hours
removing some of the iron and magnesium and possibly some
aluminum from.the structure. This lowered the amplitude

of the 600° C peak considerably but did not affect the

700° C peak which would indicate a preferential removal of
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the iron and magnesium from the layers responsible for the
lower temperature peak.

It was necessary.ﬁo find if the layers which
were responsible for the 600° C hydroxyl-endothermal
reaction were the layers giving the 14 X x-ray reflection.
An examination of the differential thermal patterns of the
twenty-two samples showed that eight of the patterns con-
tained a 600° C peak, usually of very small size. The
X-ray diffraction patterns were re-examined, and several
new x-ray pictures were tazken using a longer exposure
time. 1In all cases the sarmples which showed a 600? C
differential thermal peak gave a weak 14 ﬁ x-ray reflection.

Sample O0H-1B which gave an x-ray pattern containing
a 14 K line three to four times as dark as that in any of
the previogs samples has a differential thermzl curve with
a sharp 600° C endothermal peak approximately three times
as large as that in Sample OH-2. Thé endothermzl reaction
is accompanied by a lowering of the lattice height to
13.8 X which indicates that this peak is at least partly
associated with a loss of water from the 14 X layers.

A review of the chlorite literzture revealed
that most chlorites have a strong endothermal peak at 550-
6000 C and a smaller one at 800° Ce, followed by arweak
to0 moderate exothermal peak. In Figure 17 it can be seen
that 0H-1B, in addition to the strong endothermal pezk at
600o C has a weak one at 825°% ¢ followed by a wezk exo-

thermszl peazk. These peaks are strikingly similar to that
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shown by Barshad (1948) for prochlorite from Chester, Ver-
mont shown on the same figure. However, the true chlorite
pattern shows a fairly sharp 600° ¢ peak_whereas in Sample
OH-1B and OH-Z,'the peak begins at 400-500° C and increases
gradually for 100° ¢ before the slope changes rapidly to
form a peak. This is typical of the montmorillonites, and
may indicate a composite montmorillonite-ch;orite reaction.
These relationships indicate that the chlorite packets with
the K-bentonite samples are responsible for the 6000 C endo-
.thermal peaks and the randomly interstratified units, low
in iron, give the single peak at 700-725° ¢. The réason
for such a high temperature endothermal peak is not known.
4 survey of the literature reveals that most illites con=-
tain 5-10% iron oxides. The presence of considerable iron
in montmorillonite is known to lower the endothermal peak
to around 500° ¢C. As these K-bentonites contain very litile
iron (0.31-1.28%), this deficiency may be responsible for
raising the temperature of the hydroxyl-endothermal reaction.

In the literature it has commonly been stated
that the double hydroxyl-endothermal peak found in patterns
of mixed layer clays is caused by the two individual clays
forming the mixture, the illite layers causing the lower
peak, the montmorillionite layers the higher,

However, it is not necessary to have two hydroxyl-
endothermal reactions occurring in a mixed layer clay. It
may be that the curve for OH--l\T1 is a single peak character-

istic of a mixed layer clay, having some variation in the
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composition of the octahedral layers, but with the majority
of the la&ers having a closely similar composition. . The
octahedral layer need have no relation to the amounts of
non-expanded illite and expanded montmorillonite indicated
by the x-ray.

In the case of sample dH-z, the montmorillonite
reaction, if it is present, is masked by ﬁhe prominent
endothermal peak caused by the admixed chlorite packets.
It may be that in many of the double peaked differential
jhermal curves in the litergtuie, some small, overlooked
amount of~chiorite is present in thebclay either as indi-
vidual packets or as layers interstratified with illite

or montmorillonite.

Chemical Data

The chemical analyses liéted in Table 11 were
obtained in an attempt to find the relation of the struct-
ural formulas of these clays to others in the literature
and to see what differences were caused between the two
clays by the presence of chlorite in OH-2. X-ray diffraction
patterns of sample OH-2 show a very weak 14 X line, and a
strong 10.9 X line. OH-Nl contains only the strong 10.9
X line.

It can be seen that the low percentage of chlorite
has not affected the chemical analyses appreciably. How-
ever, it is probable that the slightly greater amounts of
FeO and }MgO and the lesser amount of 8102 in ‘the 0OH-2

sample as compared to the OH-Nl sample can be explained
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by the presence of a small percentage of a chlorite mineral.
The most noticeable difference between the K-
bentonite and the illite analyses is the much smaller amount
of iron in the former. This may be the reason for the
higher temperature (700° C) endotnermal peak in the K-
bentonites as compared to the 500-600° ¢ peak usually found
for illite. It is of interest to note that 0H-N,, which
has iess iron than OH-2, has its endothermal peak occurring
at a temperature approximately 250 higher.
Below are given the structural formulas computed
{from.the chem?cai analyses using the method of Ross and

Hendricks (1945).
' Ca

| M K55 "3 o @02
oE-2 (a1, P’ wd we ) (Al _.si, ..) 0.. (OH)
1.65" .06 °. 018 =g .55°"3.45’ Y10 2
‘K-64 3,30 Na.oz
oH-Ny (al, ., 7Y we ) (a1l ,.si, ..) 0. (OH)
1.647°,02"€, 36 453,55’ “10 2

The presence 6f the chlorite is indicated by the
total of 2.10 in octahedral coordination for 0H-2 as com-
pared to 2,02 in OH-Nl. If the formula for OH-2 is corrected
for the presence of a small amount of chlorite by subtraction

of small quantities of magnesium and iron and the addition
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TABLE 11l

Chemical Analyses

1. ' 1. 2e

OH-2 OH-N, Illite
Si02 50.65 52.44 48,95
Alzos 2737 26,38 25,03
F6205 l.l? .?; 7.?9
Fel el3 «00 . l.61
Mg O 3.75 3,57 3,10
Ca O o773 « 66 29
Nago el6 el6 «1l5
KQO 5.8¢ 7639 6.03
H20+ 5,73 4,78 7.56
HzO- Sed’l 5007 1070
002. .96 fQQ
Ti 02 e 3D 44 «51
P,0, .03 .04
S0 .01 .30
Cl « 01 «02
¥noO « 002 « 001
1120 »01 .01

99.50 96,57 102.22

1. OH-2 and OH-N, less than one micron fraction:
Analyzed by J. A. Maxwell, Department of Geology and
Mineralogy, University of Minnesota.

2. Illite: Average of five analyses, Grim et al. (1937)
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of some silica the two formulas will be in close accord.

In OH-Nl, if the .02 excess magnesium in the
octahedral layer is assigned to an exchange position
(Foster, 1950), the total excess positive charge on the
octahedral and tetrahedral layers would total .79 and
the total negative charge of the exchange and "fixed"
cations ﬁould be .80.

-Most, if not all, of the X is probably present
in a"fixed"position in the non-expanded layers, whereas
the Ca, Na and kMg is probably held in exchangeable positions
by the expanded layers. It seems likely that a direct
relationship exists between the amounts of X and Ca, Na
and kg present, and the degree of expandability, as these
lztter three elements maké‘up 20% of the total externzl
cations and the x-ray reveals that the expanded layers
form 20-25% of the total clay. 80% of the external cations
are K and as 75-80% of the layers are non-expanded there —
is little doubt that the X prevents expansion. This close
correlation between ratios obtained by x-ray and chemical

data suggests that the proportion of mixed layers can be

predicted from. the chemical data or in turn the composition
of the external cations can be predicted from the x-ray data.
On the basis of the x-ray and chemical data the
K-bentonite can properly be referred to as randomly inter-
stratified layers of expanded and nocn-expanded Al tetoctrite.

These layers are in the proportion of 1l:4.
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Electron Microscope Data
Figures 18-21 are electfon micrographs of the
less than one micron fraction of samples OH-2 and OH-Nl.

" Two of the pictures show the clay after standing in a 1IN
solution of NaOH for two months; the other two pictures
show thée clays after a similar treatment with 1N KOH.

_ -; The electron micrographs éhbw that the clay of
both sampleéuconsists of thin, irregular, sub-equant flakes
which have smooth, straight edges. XElectron micrographs
were taken of these two claYs after each of the various
treatments described previously and none showed any signi-

ficant variation in morphology.

PETROGRAPHY

X~-ray spectrometer patterns were méde-of the
bulk samples of all 22 clays. Nine thin sections'were.
examined and the heavy and light miheral separates of
sampies OH-2 and OH-N, were examined.

The heavy minerals were concentrated by crushing
30 gms., of clay, dispersihg it in water, and then shaking
it for 24 hours on a rotary shaker. The less than 15
micron fraction was decanted five times; the residue was
dried and sieved through a 100 mesh sieve; the material
passing through the sieve was placed in bromoform (Sp.G 2.88)
and centrifuged at 1000 RPM for 15 minutes; the lower -

prortion of the bromoform, containing the heavy minerals, was
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Fig. 19 - (OH-2) Na based less than one micron

X 15,000 :
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Fig. 20 - (OH-N;) X based less than one micron fraction.

X 15,000

Fig. 21 - (OH-—é) K based less than one micron fraction.

X 15,000
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frozen and the remaining bromoform and light minerals poured:
off. The frozen bromoform was then thawed and the heavy
minerals collected in a filter paper. A clean separation
was obtained by this method,

The bulk x-ray spectrometer patterns gave, in
addition to peaks for clay minerals, very small quartsz

peaks indicating 1-2% of this mineral.

Sample OH=2
. In thin section, the clay comprises approximately
95% of the material present, _The oriented.aggregates_éﬁow
a white to yellow hirefringence énd have an index of re-
fraction between 1,54 and 1.55. | .
The varietal minerals, comprising approximately
5% of the sample, are albite, quartz, volcanic glass, apa-
tite, zircon, biotite.,-and leucoxene.
Albite: (Figure 22) A few albite peaks show
up on X~-ray spectrometer patterns of the light fraction.
In loose grain mounts it occurs usually as angular,
xenomorphic grains, although frequently hypidiomorphic,
plate shaped grains are seen. The extinction angle
on albite twinning, When present, varies from 12° to 17°.
The grains average .05 to .1 mm. in size and range up
to 0.2 mme. They commonly contain minute calcite in-
clusions. In most casés thevgrainslmve rough, deeply

pitted surfacese.

Quartz: Though a small amount of cuartz was
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indicated by the x-ray'patterns, it was not noticeable
under the microscope. It probably occurs as dissemi-
nated, fine gfained chert.

Volcanic glass: (Figure 23) In the thin

sections and in the loose mineral mounts, about 3%
of the material consists of clear, isotropic, angular
grains with an index of refraction of 1l.55. Frequently
the grains are elongated and“have a éhard-like appearancée
) Apatlte- (Figure 24) Apatite gralns comprlse
987 of the heavy mineral separate, and about O. 1% of
the total sample. The apatite occurs in two forms.
The most common type, which comprises 90% of the
grains, occurs as prismatic; idiomorphic to hypidio-
morphic grains;ranging in length from .01 to 16 mm.
Théy average .08 mm. in length and .02 in width. |
The prism sides are smoofh and straight; the ends
are sometimes fractured, but usually contain basal
or pyramidal terminations (frequently appearing slightly
rounded). Cross sections show a perfect hexagonal
outliné. Elongated bubble inclusions are common,
usually occurring in the center of the grain. The
less common type of apatite consists of xenomorphic
grains equant in shape, with rough, irregular edgéé.
The surface of the grains is pitted, rough, and shows
~a grayish tlnge. A few contain irregular cracks.
Table 12 lists the d values of the apatite concentrate

from 0H-2, The d values and intensities do not check
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22 - (0OH-2) Large, pitted

T

bentonitee. X 370

Fig. 23 - (0OH-2) Fragments of volcanic ash in thin section

of X-bentonite. X 150
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Fig. 24 - (OH-2) 1Idiomorphic apatite and zircon grains in

heavy concentrate from X-bentonite., X 180
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exactly with any of ﬁhe various apatites listed in
the .literature. As very few apatites are alike, it
. 1is to be expected that this volcanic apatite would
be a different variety than most of thbse previously
examined.

Zircon: (Figure 24) Zircon makes up 2% of
the heavy mineral separate. Most of the zircon is
prismatic and idiomorphic. A few crystals are
fractured. The grains are colorless and usually
contain lgrge bubble inclusions. The average length
is about 0,04 mm,

Biotite: A few flakes and books of light
pinkish-brown biotite can be seen. The flakes vary
in shape from hypidiomorphic hexagonal to xenomorphic.
Rod shaped inglusions are common and generally lie at
an angle of éo°.to one another.

Leucoxene: About 10% of the heavy mineral

separate consists of opaque, irregular, equant grains
which are dull white in reflected light. X-ray patterns

indicate the leucoxene is composed of anatase,

Semple OH~N;
In the thin sections the clay is similar to that
described for O0H~2; however, there are a few lenses of
clay, within the main mass which are characterized by the

presence of disseminated, opaque, black material - probably

pyrite.
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No feldspar or quartz x-ray lines were obtained
for this sample and no trace of these two minerals or
volcanic glass was seen under the microscope. The heavy
minerals, apatite, zircon, and biotite are identical in
kind and relative amount, with those in OH-2. In addition,
the heavy mineral separate contains about 50% of opaque

minerals consisting of aggregates of pyrite and chalcopyrite.

ORIGIN

In considering the origin of the Ordovician K-
hentonites, the data just presented may be evaluated with
regard to the probable nature of the source material., the
manner of its deposition, and the mode of formation of the
clay mineralse.

TheApresence in the K-bentonite beds of volcanic
glass, biotite, and idiomorphic apatite and zircon crystals
supports the theory that the source material was volcanic
in origin. The wide geographic extent of the beds and the
nature of the associated rocks indicates that the volcanic
detritus was probably in the form of fine glass fragments
laid down in shallow seas . in which large amounts of limestone
were being deposited. The lack of quartz phenocrysts and
the fairly high index of refraction of 1.55 of unaltered
glass fragments (characteristic of a glass low in silica)
plus the presence of the minerals mentioned previously, in-

dicate that the ash probably had the composition of a tra-

chyte or possibly a latite.
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TABILE 12
X=ray Data on Apatite from Sample OH-2

OH=-2 Fluor-~Apatite Chlor-Apatite
d I a T a I
8.20 z WW
4,51 WW - : S “
4.10 ww 4,04 .1 3,928 .05
3.87 .1 N
3.45 m 3edd o4 342 o2
3o 34 ms . . . .
3.11 wWw 3.16 .1 3.08 .1
o 3.05 o2 o : :
2.82 s 2.78 1.0 | 2.85 .9
2,73 ms 2.69 .6 2.76 1.0
2,64 ww 2,61 o4 2.64 o2
2,54 ww 2.52 el .
2,445 ww - 2,55 .1
2.395 ww 4 .
2.350 ww \ 2.31 .3
2.270 W 2.29 .1
A | 2 .24 o4 . .
2,151 ww 2.13 .1 2.16 «05
2.085 ww 2.06 .1 2,04 .05
1,949 ww 1.990 1 1.952 5
1.903 w 1.933 o4 ' - 1.905 o2
1.848 ww 1,869 3 ' 1,840 .5
1.809 ww 1.830 .5 1.808 o2
1.781 ww 1,791 e
1.758 ww 1,762 o3 1.766 .1
1.731 ww 1.740 o3
1.724 ww 1.712 3 .
1.677 ww 1,691 .2
1.610 .1
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Presumably, this material was the source of the
mixed layer clay mineral of which the beds are composed.
The presence of chert in the outer edges of the beds and
in the adjacent limestone indicates that the volcanic de-
tritus was also the source of silica., The increase of chlor-
ite from a low concentration in the limestone to a relatively
high concentration at the outer edge of the K-bentonite
beds suggests that this mineral also was formed by the
alteration of the volcanic ash. On the other hand the non-
expanded dioctahedral 2:1 clay, which is most abundant in
the limestone and diminishes with increasing chlorite and
mixed layer clay, is probably detrital in origin and unre-
lated to the volcanic activity.

With these relationships in mind, the origin of
the K-bentonites and the associated minerals can be explained
by the following line of reasoning. '

Assuming that the relatively stable Alzoé was not
taken into solution, much of the silica, iron, and alkalies
of the volcanic ash was»removed:to the extent that about
one and one-half parts of glass were required to produce
one part of clay. Some of the silica was precipitated to
form the qhert commonly found in the upper and lower portion
of the bentonite beds,

After removal of sufficient amounts of the wvarious
ions, an impure pyrophyllite lattice was probably formed
with a composition similar to that of the Cretaceous and

Tertiary expanded dioctahedral 2:1 clays. This is suggested
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by the high temperature hydroxyl-endothermal reaction of
the randomly interstratified clay mineral and is further
verified by chemical analyses which, when presented ih the
form of struc?ural formulas, are similar to many of those
listed by Ross and Hendricks (1945) for the montmorillgnite-
beidellite series. Many of the Cretaceous and Tertiary
clays, whiqh were derived from giass similar in composition
to the Ordovician ash, were formed in saline lakes and seas,
However, any potassium in the glass was removed and thé
resulting clays attracted calcium as the most abundant ex-
ternal base. A similar situation probabiy prevailed in

the ca;cium—saturated Ordovician sea suggesting that the
K-bentonite, in its original form, probably had this ion

as the predominant external base and consequently consisted
of an expanded dioctahedral 2:1 clay. As the_Ordovician
period was relatively quiescént as compared to the Cretaceous
and Tertiary, it is likely that the Ordovician volcanic

ash was in contact with sea water for a much longer period
of time than were the more recent ash fails. Therefore,

it is believed that due to the availability of potassium

in the sea water, a cumulative retention occurred, ex-
tending over such a period of time, that the célcium in

the Ordovician K-bentonite was replaced in 80% of the

layers resulting in this proportion of non-expanded clay

minerals.
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ORDOVICIAN LIMESTONE

INTRODUCTION

In an attempt to obtain some idea of the
duration of volcanic activity during Ordovician time,
samples of limestone above and below several of the K-
bentonite layers were collected at Oak Hall Quarry three
‘miles east of State College. The clay minerals and the
varietal minerals in the limestone were compared to those
in the K~bentonites.

From the north wall of the quarry 2é samples
were'collected within a vertical range of 58 feet from
three vertical sections (A, B and C) 25 feet apart. With-
in this range occur three beds of K-bentonite from which
samples OH~2, OH-1, and OH-0 were obtained (Figure 25).
The limestone is a hard, dense, fine grained, light gray
to black rock which in most cases is massive and has a
semi-conchoidal fracture, but immediately above and below

the K~bentonite beds has a shaly appearance.:

MINERATLOGY

Carbonate Minerals

X-ray spectrometer patterns of six selected bulk
samples (24, 6A, 10A, 8B, 4C), of the limestone itself,
contained strong calcite peaks an@ no dolomite peaks, in-

dicating a fairly uniform Cacos limestone throughout the

section.
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The calcite occurs as fine grained xenomorphic
- crystals without noticeable orientation. The thin sections

commonly show a grumelénse or nodular structure with the
individual nodules 0,05 to 0.10 mm., in diameter. These
subspherical granules consist of very fine grained cal-
cite particles averaging 0,007 mm., in diameter, and are
much darker than the matrix limestone which is quite
clear. This dark color is apparentl& caused by clay which
is concentrafed'in the.nbduleg.‘”Grains of the matrix
calcite range from .,015 to 0,50 mm, in diameter with the
average tending towards the small size. Occasionally a

few idiomorphic rhombs of dolomite are found.

Insoluble Residue

Description

The limestone samples were crushed to pieces 1/4
to 1/2 inches in diameter and placed in a 25% solution of
HC1l until all the calcite was dissolved. In Figure 25 is
listed the percent of insoluble residue for each sample.
Horizontally, within beds, there is little variations;
vertically the percentage varies from 4.2% 9 feet below
K-bentonite bed OH-1 to 70% immediately Yelow bed OH-2.
There appears to be an increase in the amount of insoluble
residue in the limestone as the K-~bentonite beds are approached
either from below or above. This would indicate ﬁhat much

of the residue was formed from volcanic detritus, the vol-

i
i
i
;
b
i

canic deposition beginning slowly, building up to a maxi.-
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mum when the K-bentonite beds were deposited, and then
gradually falling off to a minimum before increasing again.
In order to see if this was the actual situation the resi-
dues were examined with the intent of determining their
source.

X-ray spectrometer patterns of the residues, using
the data from seven sampleslwere selected and film-type
x-ray diffraction patterns run. Further detailed studies
were made on the less than one micron fraction 6f three
representative samples. Loose grains of each residue were
examined under the binocular and petrographic microgcope
and in three samples (2A, 1B and 4€) the heavy minerals
were separated and examined. Several thin sections were
examined under the microscope.

All of the residues are dark black and contain
considerable organic material. Table 13 lists the intens-
ities of the peaks in the x-ray spectrometer patterns of
the bulk, uncleaned residues. All samples show a prominent
preak at approximately 10 K, in most cases due to & non-
expanded, dioctahedral 2:1 clay. In gddition many of the ;
samples give patterns with peaks at 14 X and 7 K indicating ‘
possibly chlorite or an expanded dioctahedral 2:1 clay.

The clay fraction will be discussed in detail later.

Light Minerals
Quartz: All x~-ray patterns show a strong

reflection. The guartz occurs in three forms:
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o (1) Detrital quartz. - A few sub-rounded,
fine (0.05 mm) grains of detrital quartz are present.

(2) Authigenic quartz. - ;diomorppig_
quartz crystals, ranging in length from 0,15 to 0,30 mm.
are found in nearly all the limestone samples. The
crystals have prism and rhombohedron faces. The edges
in all cases have a rough, irregular contact with the
calcite, Calcite inclusions are abundant, frequently
making up half tpe quartz crystal.

(3) Chert, - Chert commonly occurs in
irregular fragments averaging about 0,05 mm., in sigze.,
The individual microcrystals are a few microns in
diameter. The irregularly shaped angular grains suggestl
that the chert is authigenic,

A semi-quantitative examination of the x-ray
specfrometer patterns indicates that there is a con-
centration of quartz near the bentonite beds.

Albite: Authigenic albite is found in every
limestone residue., It is extremely uniform in mor-
phology throughout the three sections. Approximately
50% of the grains are idiomorphic énd fhe'majority
of the others are hypidiomorphic. Twinning is not
common. The majority of the grains are clear con-
taining no inclusions and showing no alteration.
However, many of the grains have carbonate inclusions

covering from one to 25% of the surface of the crystal.

(Figure 26)
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TABLE 13

X-ray Spectrometer Data on Bulk Limestone Residues

. o o ,
Quartz Albite 10 A . 14 A Percent
Illite Chlorite Residue

OA m m¥
1A m m* 10
24 m m 24
§A s w 41
44A 8 S w 81
SA S ww s w 100
64 s ww _ gg
TA ss8 S w 30
84 s m ms . 60
QA 8 w wSs w 41
104 s m m 16
0B S w m m 33
1B Ss w s : m 190
2B S8 m m 71
5B 8 w* 32
4B S m m '52 ‘
5B s s8s m w 19
6]3 s ss m* 7
7B m m w 2'7
8B s m m¥ l:{.
éB m w m w 29

*No (001) peak

-

\
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TABLE 13 (cont.)

X-ray Spectrometer Data on Bulk Limestone Residues

— -
Quartz Albite 10 A 12 % Percent
Illite Chlorite Residue

oC 8 88 m w 4
1C 8 w m w 56
2C m - w m w 22
3C s m m wwW 18
4C s ] 8 w 10
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The majority of the crystals fall in the
0.01 to 0,04 mm. range although occasionally grains
are as large as 0.08 mm. These larger grains are
xenormophic and angular with a rough, "pot hole"
surface, and resemble the large crystals in the
K-bentonite (OH-2).

Table 13 shows the relative strength of
the albite peaks in the x-ray spectrometer patterns
in each residue. There is a marked tendency for the
smaller percentage of residue to have the greater
concentration of -albite. Albite ranges from a trace
(ww) in samples 5A-and 6A up 60 to 70% (ss) of the
residue in samples OC, 5B and 6B. Indications are
that the absolute amount of albite remaihs constant
while the clay and qua;tz content of the residue
varies, This would ihdicate that the.formation of
the albite is independent of the amount of volcanic
detritus present., . |

Tuttle amnmd Bowen (1950) have shown that
there is a difference between the x-ray patterns of
high and low temperature albite. A study was made
of the albite from the K-bentonite (0OH-2) and from
the limestoﬁe (OH-4C) in an effort to discover any
difference between the two (the albite from the K-
bentonite possibly being the high temperature type
and the definitely authigenic variety from the lime-

stone the low temperature type).

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



87

Fig. 26 - (OH-4C) 1Idiomorphic, authigenic albite crystals

from an Ordovicien limestone sample. X 400
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The albite was concentrated by placing the
sample in a mixture of acetone and bromoform and
centrifuging at 10,000 rpm. The material which sank
and that which floated was examined after each centri-
fuging and more acetone or bromoform was added accord-
ingly and the process repeated.;;In this manner a
concentration of approximately 95% albite was obtained.

X-ray spectrometer and film type patterns
show appreciable difference between the two samples
of albite. The d values check closely with those
listed by Tuttle and Bowen for the low iemperature
Amelia albite (Table 14). This evidence plus the
presence of qarbonate inclusions in the albite indicates
that it is authigenic in both samples. Possibly the
large size attained by the albite in the K-bentonite
(on the average four times as large as that in the
limestone), and rapid growth, as indicated by the highly
irregular surfaces, prevented the albite from.developing

an idiomorphic form.

Heavy lMinerals
A study of the heavy separates from three saﬁples
gave the following results:
1. CH-lB - This sample lies immediately above
K;bentonite 0OH=-2, The non-opaque minerals consist of
about 98 percent apatite,.identical in character with

the two types found in the K-bentonites, The other
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two percent consists of idiomorphic zircons. The
average grain size of these two minerals appears to
be slightly smaller in this sample than in the
bentonite. The heavies contain about 30 percent of
pyrite which is usually in a2 cubic form.

2. OH~2A - This limestone sample seven feet
above OH-2 containg four major non-opaque minerals and
one opaque mineral.

' Biotite: Light pinkish-brown biotite
forms 60 percent of the non-opaques. The grains are
occasionally hypidiomorphic though usuzlly xenomorphicy
they vary from angular to subfround, and average 0.15
to 0,20 mm. in size. They frecuently contain irregular
brown inclusions and are characterized by the presence -
of rod shaped inclusions which commonly form zngles
of éo° with one another., These inclusions cover from
1 to 20 percent of the surface area of the flakes.»
This biotite is similar to that in the K-bentonites
and is presumably characteristic of the volcanic ash.
zircon: Colorless zircons form 30 percent )
of the non-opaques. Idiomorphic and hypidiomorphic
grains averaging 0.05 mm. and ranging up to 0.1l1l5 mm.
comprise about 90 pereent of the total. The remaining
10 percent of zircons are rounded and average about
0,03 mm. These and probably some of the smaller,

idiomorphic zircons are apparently detrital, but the

majority of the idiomorphic and hypidiomorphic grains
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TABLE 14

Spacings and Intensities for Albite

Amelia Albite I OH~2 and I
OH-4C

6.38 1 és4
4.c2 3 4.03 w
3.83 2 3484 wW
3.79 2 3.77 w
3.67 3 5.67 w
3.51 1 3.52 ww
3.38 1 3.38 w
3,20 10 3.21 s
2.96 2 2.95 w
2.93 3 2.95
2.86 1 2.86 ww
2.54 1 2.64 ww
2.562 1 2.56 w
2.448 1 2.450 ww
2.412 1
2.325 1
2.280 1
2,190 1
2.126 1
2,081 1
1.893 1 1.890 ww
1.832 1 1.830 W
1.808 1 1.802 w
1.790 1 1.791 w
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. Spacings and Intensities for Albite (cont.)

TABLE 14

Amelia Albite I OH-2 and I
OH-4C

1.755 1
1.723 1 1.727 w
1.678 1
1.576 1
l.?ég 1 l.?é% wW
1.535 1 1.529 ww
l.§07 1 o
1.468 1 1.463 ww
1.437 1 1.431 ww
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presumably have a volcanic source.

Tourmaline: About 10 percent of the non-

opaques consist of tourmaline grains. These average
0.04 to 0.05 mm. in size and vary from round to sub—
round. They are pleochroic from light to dark gray
and from light olive to colorless. The distinct
rounding of the grains, plus the fact that none are
found in the K-bentonites examined nor are.rgported
in similar bentonites (Bonine and Honess 1929), indi-
cates a detrital origin.

Muscovite:s A few colorless, clear, sub-
round flakes of this minerg; can be found.

Pyrite: About 50 percent of the total heavy
separate consists of pyrite cubes, usually in aggre-
gates,.

3« OH-4C - The heavy separate of this sample
21 feet below OH-0, contains about 95 percent pyrite
in the form of cubes and octahedrons joined together
in irregular aggregates.

Zirccn: Colorless zircons comprise 90
percent of the non-opaques. There are very few
zircons in this separate but the majority of those
present were rounded to some extent. The average
grain size is 0.04 mm,

Tourmalines: Approximately 10 percent of

the non-opaques are sub-round to angular, prismatic

r

tourmalines which are pleochroic from light green to
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colorless and average 0.04 mm. in grain size.
A few grains of chlorite and rutile were

found.

Significance of Heavy kKinerals

Assurming that the tourmalines and the rounded
zircons are non-volcanic, and that the biotite, idiomorphic
zircon, and apatite are volcanic, a rough estimate can be
mzde of the source of the insolﬁble material in the lime-
stone. (The pyrite is undoubtedly authigenic).

The idiomorphic apatite and zircon assemblage
in the K-benitonites and in the rock approximately six inches
on either side indicates that most of the material was de-
posited zs volcanic zsh possibly directly from the air.
Though no direct correlztion can be found,between the amount
of heavy minerzls and the total amount of volcanic material,
compariscn between samples can be made on a relative basis.

OH-2A, seven feet zbove the nearest K-bentonite
contains approximately 15 percent of water transported non-
opacue heavy minerals with z non-volcanic source and 85
percent which have a wolcanic source., OH-4C, 21 feet below
the nezarest clay bed contains a much higher percentage of
water traznsported non-volecanic heavies.

The prismztic shape of most of the tourmzlines
indicate that they were prcbzably not derived from older
sediments but from igneous or metamorphic rocks. The olive,

green, gray and brown colors suggest that the source may have

been graznitic (Xrynine 1946).
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Clay Minerals

X-ray spectrometer patterns of the limestone
residues showed that all the samples but one contain con-
siderable clay. Table 13 gives the relative intensities
of the x-ray reflections from the (001) planes of the
clay mineral. All of the samples but one éive a fairly
strong peak equivalent to a non-expanded Al 2:1 clay
mineral with an (00l1) spacing of about 10 2. 1n many of
the residues the organic material present prevented good
orientation on the x-ray slide and the (001) reflection
was very weak. However, in these cases the 4.47 X d value.
was assumed to be due to the (110) reflection of the 10 X
clay. Additional reflections at 14 X and 7 X were obtained
from about half the residues indicating a2 mineral of the
chlorite or montmorillonite type. These weak reflections
were probably present in all patterns but not detected in
some.,

Seven representative residues were selected and
x-ray diffraction patterns were run of the bulk residue
prepared as follows: untreated, cleaned of organic matter, j
saturated in NH4OH, ethylene glycol, and heated to éOO° d
for 24 hours., Table 15 lists some of the important (001)
values of these patterns. The less than one micron fraction
was separaﬁed from samples 24, 1B, and 4C. These three
samples were also_subjected to a variety of treatments and

x=ray diffraction patterns were run, Table 16,
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The uncleaned bulk residue of sample 1B gives an
x-ray diffraction pattern with modérately»strong»line at
14.2 £. A moderate line at 7.0 A and a weak line at 3.50 A
indicate the reflections are probably due to chlorite (the
§.O X (002) reflection does not commonly océur in montmor-
illonite patterns). In addition a moderately strong band is
found which extended from 8.8 to 11.0 X. Such a wide band
indicates an interlayering of 10 g layers and wider layers.

When this bulk residue was heated to éOOo C for
24 hours there was a;slightAshrinkage of the larger spacing
from 14.2 to 14.0 £, The 14.0 X line became darker while
the 7.0, 4.70 and 3.50 lines became weaker,

The less than one micron fraction of this sample
gave a sharp 14 X reflection with the corresponding (001)
series., The identification of the mineral responsible for
this series was described in the K-bentonite section,. It
was found to be chlorite.

When the less than one micron fraction of this
residue was x-rayed it gave a fairly sharp line at 10.3 X
as compared to the broad band in the x-ray patterns of the
bulk material. This fine fraction was saturated with NH,OH,
Ca012 and ethylene glycol and x-rayed in each case. Table
lé gives the d values of the three characteristic x-ray

. lines for the variously treated clays. If these values are
compared with the mixed layer data listed in progress re-

port six it can be seen that the values check very closely

with the values for samples OH-N1 and OE=2, It can there-
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TABLE 15

X-ray Data on Treated Bulk Samples of Limestone Residues

(004)

(001) (oo1) (002) (oos)
2A-~uncleaned 14, 0ww 10.1wvm 7. 0w 4,70w 3eATwWwW
600°¢-24 hrs. 14,.0m 9.9m 7.1lm 4,70ww  3.50w

NH, OH 14 .1w 10.0wm 7.0wnm 4.,70w 3.50w
E. glycol 14 .0m 10,0ms 7 .08 4,70w 3e50W
9A-cleaned 14,0wmm. 10.0wm  7.2wm 4.70w 3.48ww
1B-uncleaned 14.2m 8.8-11.0m 7.0m 4.,70m 3,50w
600°C-24 hrs. 14.0s 10, 1mw: 7.0w 4,70w 3¢ 50WwW
2B-uncleaned 13.,9m 8,6=10.8m 6.9 4,.,67W 3.50wW
600°C-24 hrs. 14.0s 8.9-1l.2vm7.1lm ? A
gB-cleaned 14.2ww  10.0m 7elw 4,67w 3¢50W
OC~uncleaned 14.0m  10.lwm 7.0m - 4,70m 3,48
600°C-24 hrs. 13.8wm 9.9ww  7.0w ? 2
4C=cleaned 14 .1lww 10.0m 7 « Owm 4,70w 348w
600°C-24 hrs. 14.0wm 10.0m 4.70ww  3.48wm

7 « OWW
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TABLE 16
X-ray Data on the Less Thén'One Micron Fractions of the

Limestone Residues

OCH~-1B OH=-2A OH-4C

Uncleaned 14.;m 19.5w _ o o o
Cleaned 14.0m 10.45s 14.0ww 10.0s 14.0ww 10.0s
NH, OH 13.9w 10.3ss

CaCly, 14.2m  10.7-9s

E.’glycol 14.2m 1;.4-9.53m

600°C D.T.A. 13.8s 9.9m |
600°C-24 hrs. 13.65 10.0m 13.2ww  10.0s
Mixed ILayers Lines - 0H-1B

Cleaned 10.45m 5.2w 3.25w
CaCly 10.9s 4.92m ’ 3. 33w
NH@OH lO.?s' “5.2WW 3.28w
E. glycol 11,4-9.,3m 5.2Db -——
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fore be concluded that sample 1B contains a randomly inter-~
stratified- clay containing approximately 20 percent of
expanded and 80 percent of non-expanded Al 2:1 layexrs.
However, this sample contains a larger proportion of chlorite
than sample OH-2. | |
Sample 2B is quite similar to 1B. X-ray diffraction
patterns of the bulk residue show moderately strong chlorite
reflections and moderately strong reflections from an inte;-
stratified clay which appear to have approximately the same

proportion of expanded and non-expanded layers as 1R.

- X-ray diffraction patterns of the bulk residue of
samples 9A, 9B, and OC are similar to one another. The
patterns for the three samples contain wgak to moderate
14 i reflections. The presence of the (002), 7 X reflection

’and the charécteristic change in intensity of severa} of
the lines when the residue is heated to 600° C for 24 hrs.
indicates that the reflections are caused by chlprite; In
addition, a weak to moderate 10 2 refléction is found for
a;l three samples. The other lines associated with the
10 X reflectidn indicate that the clay is a pure non-ex-

panded Al 2:1 clay mineral, in contrast to the interstrati-

fied clays in the samples described previously.

The x-ray diffraction pattern of the bulk residue
of sample 2A contains a very weak 14 2 line and weak 7.0,
4,70 and 3.4"7 lines., This sample was saturated with ﬁHéOH
and e#hylene glycol to see if the clay was an expanded Al

: o
or Mg 2:1 mineral, No change occurred in the 14 A series.
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This data plus the characteristic change in intensity of
the x-ray reflections when the clay is heated indicates
the material is chlorite. 1In addition to the chlorite
pattern a sharp weak to moderate intensity non-expanded
Al 2:1 clay mineral pattern is. found. The x-ray pattern
of the less than one micron fraction of sample 2A a2lsoc shows
lines of chlorite and a non-expanded Al 2:1 clay. Hﬁwever,
here the chlorites line are weaker and the 2:1 lines are
stronger than in the patterns of the bulk sample, indicating
that the chlorite is probably coarser grained than the
2:1 claye.

Sample 4C, in both the bulk and the léss than

one micron fraction, gives x-ray patterns nearly identical

with sample 2A. The non-expanded Al 2:1 reflections for

4C are slightly stronger than those for 2A. When the
- less than one micron fraction was heated at 600° C for 24
hours the chlorite line shifted to 13.2A.
Figure 27 shows gifferential thermal ahalysis

curves of the less than one micron fraction of residues

2A and 4C with the organic matter partially removed.
(Sample 4C was run after first being heated to 200° ¢ and
as a result the low temperature endothermal peak is small),
The exothermal reactions between 300° and 450° C are due

to organic matter. The‘large hydroxyl endothermal zreaction
extending from 450 to 700° C with a maximum at 600° C is
typical though slightly higher than that of the Carboniferous

illites. The wrelatively sharp chlorite peak which occurs .
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at éOOo Cﬁinlsample 1B is apparently masked by the broad
non-expanded clay peak in these two samples. The high
temperature endothermal and exothermal reactions are simi-
lar to those of other ndn-expanded clays.

Electron micrographs of sample 1B show thin,
clear, angular flakes similar to those in OH-2. The elec--
tron micrographs of 2A are similar to 1B but'the flakés
are less angular and many are slightly rounded (Figures

28 and 29).

ORIGIN

The K-bentonite 0H-2 is composed largely of
randomly interstratified layers of expanded and non-ex-
panded Al tetoctrite in the proportion of 1l:4. 'In addition
the clay contains one or two percent of ckhlorite. Samples
OH-1B and 2B immediately above and below the K~bentonite

bed are composed largely of an interstratified clay identical

‘with that in the K-bentonite. However, these two samples

contain considerably more chlorite than the K-bentonite.
All other samples examined (2A, 94, OC, and 4C)
have a non-expanded Al 2:1 clay as their most abundant
mineral. In addition they all contzin varying amounts of
chlorite but less than samples 1B and 2B. Samples 2A and
4C which are farther away from K-bentonite beds than any
of the other samples contain less chlorite than any other
sample except the K-bentonite itself. (lost of the Lower

and Upper Ordovician rocks contain a aetrital non-expanded
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DIFFERENTIAL THERMAL GURVES
Figure
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Fig. 28 - (0OH-1B) The less than one micron fraction of

a cherty K-bentonite. X 18,000

A LA b1 e TS

Fig. 29 - (0OH-2A) The less than one micron fraction of the

insoluble residue of an Ordovician limestone sample. X 18,000
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Al 2:1 clay as the predominant clay mineral).

In summary the chlorite is rare to absent in the
middle of the K-bentonite bed,increases to a2 maximum cone-
centration at the outer edges of the beds, and gradually
decreases in amount in the limestone as the distance from
the clay bed increases.

The petrographic examination showed that the K-
bentonite beds and the shaly layers on either side con-
tain cnly volcanic heavy minerals. The limestones contain
both volcanic and non-volcanic heavy minerals with the
volcanic minerals decreasing with increasing distance from
the K-bentonite beds.

On the basis of the daté collected a reasonable
theory can be developed to explain the origin of the clay
minerals and the extent, in time, of the volcanic activity.

The majority of the latites and trachytes do not
contain as much MgO as is Hound in the présent K-bentonites.
Ross and Hendricks (1945) concluded that most of the MgO
in bentonites resulting from the weathering of volcanic
ash was derived from the surrounding sea water,

The distribution of the chlorite suggests that

the formation of chlorite depended upon the availability

of magnesium. This availability is probably enhanced Dby
the presence of calcite ooze. Whereas a plentiful supply

of available Mg changed much of the ash in the outer - '

portion of the clay beds and all of the ash in the lime-~

stone to chlorite, more restricted circulation of sea water
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and the absence of calcite inhibited the same sort of
alteration within the K-bentonite beds. Here the octa-
hedral layers of the clay mineral retained the high per-
centage of aluminum available from the ash and the sea
water supplied sufficient calciﬁm for the base exchange
positions. In time 80 percent of the calcium was replaced
by potassium to give the fandomly interstratified 20 per-
cent expanded 80 percent non-expanded layers comprising
theAclay mineral now found in the X-bentonite beds.

Thé distribution of clay minerals and heavy min-
erals indicates that the lime ooze farthest from an ash
bed receiyed a small supply of ash which was entirely
changed to chlofite. At the same time considerable non-
expanded Al 2:1 clay was carried into the ooze from the
surrounding shore., This resulted in a limestone with a
residue composed largely of a non-expandéd Al 2:1 clay
and a lesser amount of chlorite with both volcanic and non-
volcanic detrital heavy minerals (4C).

As volcanic activity increased more ash was de-
posited along with the non-expanded clay apd the rglative
amount of chlorite increased accordingly (9B, 0C, 9A).

The volcanic activity reached a spdden peak and
deposited an immense amount of ash in a short period of
time. The amount of non-expanded clay deposited during

this time waa negligable. This large amount of ash altered
as described previously (0H-2, 1B and 2B).

" After reaching this peak the volcanic activity
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tapered off and the detrital non-expanded Al 2:1 clay

again became predominant over the chlorite (24).

ORDOVICIAN BEDDING CILAY
INTRODUCTION

K-bentonite bed OH-Ni océurs approximately 70
feet below OH-O and 15 feet below this is OH-N,. Four

samples were collected below the latter.

OH-lx - 6 feet below OH-Né
OH"ZX - 38 1] " 1}
OH-3x =~ 52 " " "

-

OH-4X =~ 64 " " - "

Each of these four samples wefe.obtained frbm
thin bands of clay, 1/32 to 1/8 of an inch wide between
the bedding planes of the massive limestone. In the
freshly quarried areas of the quarfy it.can be seen that
the bedding between the massive (1 to 10 foot) layers
of limestone is marked in all cases by the presence of

these thin black layers of claye.

MINERATOGY

Light Minerals

Table 17 lists the relative intensities of the
peaks in x-ray spectrometer patterns of the bulk samples

of the bedding clays. Whereas the limestone described
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the llmestone on elther

fﬁ?51de of the clays contaln some dolonute associated w1th

{the ca101te. All four samples produce very Weak alblte

queaks~and two glve quartz peaks.:fﬁ

TABEE 17

X-ray Spectrometer Data on Beddlng Claysfjﬁ

. Quartz - Calcite Dolomite Albite ' Illite Montmor= -

OH-1x  ww S o A'm}j' j WWl;f Tf7p7f7;fTﬁ@taT‘r'*"5

CoH-4% a’  ww m _'L}_3iwwi,ﬂ;‘ﬁv$;}‘¢fﬁ]ﬂiw'

_Under the‘microscope“the'quartz can‘be.seen't077.a%' }-"
voccur as rounded detrltal gralns and the alblte as angular,
tenomorphlc to 1dlomorphlc gralns w1th carbonate 1nclu31ons.f

,'c

‘The alblte 1s apparently authlgenlc. o

o Heamy'Mineralé~

The heavy mlnerals of samples 1x and 9x Were sepa_‘e?nx_,

ated and examlned. o | | u' | vu " . . PR
o 1. OH-lx;- Thls sample of clay is from the.b'
beddlng plane of the 11mestone approx1mately 90 Ieet
below OH—U. Aoout 95 percent of the heavy separates ;

are’ aggregates of pyrlte cubes
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Fig. 30 - (OH-2x) Biotite flakes in heavy concentrate from

a bedding clay sample., X 500
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Chlorite: A few, angular, light green
grains showing irregular extinction are present.
Muscevite: Several, clear, rounded flakes
were found. |
These two samples, six and thirty-eight feet
respectively below‘the nearest K-bentonite bed contain
approximately 10 to 20 percent of non-volcanic, water trans-
ported, non-opaque heavy minerals (assuming that the apa-

tite has a volcanic: origin).

Clay Minerals

The spectrometer patterns indicate that all
samples contain a considerable amount of a non-expanded
Al 2:1 clay. In addition samples 2x and 4x contain a 15 X
expanded Al 2:1 clay (the 7 X peak is weak or missing and
the 4.70 & peak is missing).

X-ray diffraction patterns were made of the bulk
clays and the less than one micron fractions after a
variety of t;eatments;’Table 18. Samples 1lx and 3x, 2x
and 4x were quite similar.

The bulk material of samples 1lx and 3x gave X-ray
diffraction patterns which contain/weak to moderate lines
of a non-expanded Al 2:1 clay mineral. In addition, sample
1x gave a moderate llne at 14.2 K. When this sample was
heated at 600° ¢ for 24 hours the 10 2 1line was strengthened,
the 14.2 A line increased slightly in intensity and the 7.0
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and 4.68 X lines disappeared. This indicates that the
clay contains minor amounts of an expanded Al 2:1 clay
and chlorite,

The x-ray patterns of the less than one micron
fraction indicate that it is composed largely of 10 4 illite.
A very weak line occurs at 14.0 K and is probably caused
by 2 small amount of chlorite. The differential thermal
curve of the less than one micron fraction, Figure 31 is

a typical curve for a non-expanded Al 2:1 clay mineral and

is similar to the curves of the non-expanded clay from the
limestone residues. The broad hydroxyl-endothermal peak
reaches a maximum at 600o Ce

The bulk material of sample 3x apparently con-
tains only a non-expanded Al 2:1 clay, though the pattern
is quite diffuse and lines with larger d spacings are -
probably present.

Samples 2x and 4x contain similar clays. Both
have moderate to strong xéray patterns of a non-expanded
Al 2:1 clay. The bulk material gives, in addition, a
weak line at 15.1 X which expands to 16.8 2 when treated
with ethylene glycol and which almost disappears when heated
to éob° ¢ for 24 hours (the 10 X line becomes stronger). The
very weak line found at 14.8 Z after the sample was heated
presumably is the r esult of some reabsorption by the ex-
panded Al 2:1 clay. The less than one micron fraction pro-

duces a strong 10 X non-expanded clay found in the bulk

material.
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TABLE 18

X-ray Diffraction Data on Treated Bedding Clays

OH- ix ’ © ) -

Bulk 14 . 2ww . 10.0w
w  600°%-24 hrs. 14 .2W 10.0m
<L u 14 .0ww 10.0s
0H-2x .
Bulk 15.1lmw 10.,0m
" 600°C-24 hrs. 14 .8ww 10.0s
" m, glycol _16.8m 9.9m
<1 U 14 Jww ' 10.1s
OH-3x o
Bulk , 10.0m |
OH-4% '
Bulk 15.1ww 10.0m
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The differential thermel analysis curves, Figure
31, of the bulk and the less than one micron fraction of
OH-2x show the typical broad non-expanded Al 2:1 clay .
hydroxyl-endothermal peak with a maximum at éOOo C. How-
ever, in thig sample, the broad peak has a second down
warping at 700° ¢ which is more pronounced in the curve
of the bulk material thap.in~that of the less than one
micron fraction. This 700° C inflection is possibly

caused by the expanded clay present.

ORIGIN

The smooth flat bedding plane on which this clay
is found indicates that the change in deposition occurred
while the limestone was still covered by water. The heavy
and light minerals indicate that the clay had both a vol-
canic and a non-volcanic source. The non-expanded Al 2:1
clay probably had a detrital source and was derived from
the surrounding rocks. The expanded Al 2:1 clay is pro-
bably authigenic and derived from volcanic ash. The 700° ¢
hydroxyl-endothermal peak of the expanded clay is similar
to the peaks for the interstratified K-bentonites and indi-
cates a similar composition for the octahedral layers and
probably for the tetrahedral layers in the mineral. There
are two possible explanations for the origin of the expanded
clay: (1) for some reason the ash in the bedding planes was

not in contact with sufficient potassium and therefore did
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not form an interstratified clay; Or (2), more likely, the
ash originally formed an interstratified clay or possibly
a chlorite which was later altered to an expanded clay by
solutions traveling along the bedding planes.

There are four possible ways in which the bedding
clay could have been deposited:

1) If there was a temporary interruption
of the deposition of limestone the clay and other minerals
could have been deposited as water transported detritus.

-2) The deposition of the limestone was
interrupted but the deposition of the water transported
illite and coarser minerals continued and at the same time
volcanic ash was deposited from the air,.

3) Deposition of the limestone was not
stopped. All of the detritus could have been blown into
the sea from the shore by strong windstorms in a relativeiy
short time. Folk (1951) has shown that in the lower Ordo-
vician a considerable portion of the detritus in the lime-
stone was wind transported.

4) It has also been suggested that the
current was sufficiently large to winnow the clay from the
limestone ooze and keep it in suspension., The current,
carrying a concentration of clay, eventually reached an
area where it was slackened or where the pH changed and

the clay deposited as a relatively pure layer,
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OSWEGO AND JUNIATA GRAYWACKES

INTRODUCTION

Nea; State College, the Upper Ordovician con-
tains about 800 feet of a thick-bedded, greenish-gray
sandstone known as ﬁhe Oswego graywacke. In the Oswego
outcrop at Skytop (3 miles northwest of State College)
six thin beds of pure clay were found in‘the coarse grained
graywacke, These beds are similar in appearance to the
K-bentonite beds in the middle Ordovician limestone and
an investigation of several of the clays was made to de-

termine their mineralogy and origin,

Below are listed the clay beds found at the

Skytop outcrop:
Sample No., TFeet Below Juniata Shale Thickness Color

0sS-1 200 : e" gray
2 212 n gray
3 227 1n gray & yellow
4 280 | 21 gray
5 29% 21 gray
6

304 en gray

A sample of shale (0S-7) was collected from a
gsection of the formation approximately 370 feet below the
Juniata shale. A sample of weathered, friable, fine grained
sandstone (0S-8) was collected 203 feet below the Juniata.

A sample of the Juniata red shale (Ju-1) was collected 100

feet above the Oswego contact.
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Immediately below sample 0S-5 i3 six inches of
graywacke which contains gray, lens shaped, clay gulls
one half to two inches in diameter, They comprise about
five percent of the rock. These gulls are hearly pure
clay which is identical in appearance with the clay in
the beds.

In a fresh road cut’through the Oswego near
Williamsport, Pennsylvania, 60 miles northeast of State
College several one to six inch beds of clay were found
and samples collected. In addition it was noticed that
the parallel breaks (commonly called bedding) in the coarse
sandstone contain thin, one sixteenth to one quarter inch,
layers of clay similar to that in the larger beds. This
same thing was noticed in the Ordovician limestone. Ap-
parently, thin clay layers deposited at irregular intervals
quite commonly produce the temporary changes in lithology
that result in bedding in a rock of otherwise uniform

lithologye.

MINERAIOGY

Tuttle's (1940) study of the Oswego and Juniata
graywacke showed that the average composition of the Oswego
is 40 percent rock fragmenté (slates, phyllites, argillites,
schists, etc.), 50 perceht guartz grains, 10 percent clay,
and from less than one to fifteen percent feldspar (albite,
andesine, microcline). The Juniata is similar except for

the presence of considerable iron oxide.
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He found that the non-opaque heavy minerals . are
predominately zircon and tourmaline which vary in shape
from round to angular with apatite and chlorite being fairly
abundant. Leucoxene, anatase, and iron oxides are the most

common opaque heavy minerals.

Heavy Minerals

The héavy minerals were separated from a sample
of the clay (0S-1), the shale (0S~7), and the fine sand-
stone (0S-8). The heavy minerals are quite similar to
those described by Tuttle. The non-opagques form 5 to 10
percent of the total heavy separate in each sample,

Zircons The majority of the zircons. are
sub-round to round, colorless, and contain a few
bubble inclusions. A few yellow zircons were found
(Tuttle reported a few yellow grains). A few grains
are hypidiomorphic.

. Percent of'Zircon
Sample in non-opagques

0s~1 25
0S=7 | 30
0S-8 | 85

Tourmalines The tourmalines vary from sub-

-

round to angular. Hypidiomorphic grains are fairly
common. The majority of grains contain a few bubble

inclusions. The olive and brown varieties are by far
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the most abundant, Occasional, blue, gray, colorless
and multicolored grains are found.

Percent of tourmaline

sample | in non-opagues
0s-1 75
08="7 70
0s-8 15

Rutile: A few grains of yellow rutile occur
in each thin section. Though the grains are usually
irregular in shape a few occur as slender rods.

Muscovite: Sub«round to round flakes of

muscovité are cormon in all samples. The flakes usually
show irregular extinction. )

Pyrite: Irregular pyrite aggregafesnform
abogt half of the opaque minerals in samples 0S-1 and
0S~"7.

Leucoxenes: ILeucoxene occurs as dull white
irregular aggregates. It forms half the opaques in
0S=1 and 08S~=7. X-ray patterns of the leucoxene yield
anatase linés.

Anatase: A few idiomorphic grains of ana-
tase occur in OS-l and 0S=-"7. In-OS-B it is nearly the
only opaque mineral present and forms 20 percent of the
total heavies. It most frequently occurs as aggregates
of pale yellow, tabular, also rectangular_grains. Rec~-

tangular and square grains less than one quarter of a

micron in diameter can also be seen under the electron
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microscope. The anatase is undoubtedly authigenic.
The light fraction of 0S-1 contains a good deal
of round to sub-angular muscovite. Sub-round gquartz and
rock fragments are abundant. Albite and microcline are
common. OS=-7 is similar but contains considerably more
muscovite. OS-S_is composed largely of sub-round gquartz

and rock fragments.

Clay Minerals

X-ray spectrometer and differential thermal analy-
sis patterns were made of the bulk clay samples. The less
than one micron fraction was decanted from samples 0S-1,

4, 7 and 8., Film-type x-ray diffraction, oriented x-ray
spectrometer, and differential thermal analysis patterns
were made of each sample. Electron micrographs were taken
of both the bulk and fine fractions.

The morphology of these clays as seen in the elec-
tron micrographs is the most interesting feature noted in
this study. Though a few fairly equant flakes are present
in sample 0S-8 most of the clay particleshconsist of thin
lathé. The majority of the laths are 0,07 of a micron wide
and from 0.2 to six microns in length. Individual laths
are the most common but frequently the laths are joined in
a parallel arrangement to form large equant or rectangular .
flakes (Figure 32 and 33). |

Samples 0S~1 and 4 contain a few iaths but are

composed largely of thin, angular, sub-equant flakes (Figure

34 and 35), Sample 0S~-7 has a predominance of thin, sub-
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Fig. 32 -~ (08-8) Lath shaped partlcles of a non—expanded
Al 2:1 clay mineral occurring in the less than one micron.

fractlon of a flne gralned Oswego sanastone sample., X 24,000

ey

FTige 33 - (0S~8) ILath shaped particles of a non-expanded

Al 2:1 clay mineral occurring in the less than one micron'
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Fige 34 - (0S=1) The less than one micron fraction from

an Oswego clay bed. X 18,000

D e s v e A A

Fig. 35 - (0S-4) The less than one micron fraction from

an Oswego clay bed. X 18,000
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Fig. 36 - (0S-7) The less than one micron fraction of an

Oswego shale sample. This picture shows flakes of a hon-
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equant flakes but it also has many lath éﬁaped varticles,
Here the laths are not as thin as in 0S-8 and the length

to width ratio is only'about 4:1 (Figure 35). In addition
electron micrographs of 0S-7 show numerous halloysite tubes.
These tubes are well developed and evidence of the hollow
center can be observed. The tube in tube arrangement and
partially unrolled tybes can also be seen (Bates, Hildebrand
and Swineford, 1950).

Sample Ju~l is composed of thin, angular, sub-
eduant flakes. Neither laths nor tubes were seen (Figure
37)e

The d spacings of the less than one micron fraction

of all five clays are nearly identical to those listed by

Grim, Bray and Bradley (1937) for illite, Table 19 lists

the d values for the lath shaped clay in sample 0S-8. The
values obtained from the other four clays are the same ex-
cept that they contain weak lines at 3.2 2 and at 2.97 £.
The similarity of the 4 values and intensities of the
x-ray reflections of the lath shaped clay to those of the
non-expanded Al 2:1 clay suggest that the clay has a non-
expanded 2:1 structure. X~ray spectromgter patterns of
oriented slides of 08-8 show the same (001l) periodicity
and intensity as in the non-expanded Al 2:1 clays and thus
indicate that the %“e" axis is perpendicular or nearly per-
pendicular to the planes of the laths. The oriented patterns
also contain a broad, very weak peak at approximately 7.2 X
which is probably caused by a small amount of kaolinite. A4s
no halloysite tubes were seen in the electron micrographs i

is likely that the sub-equant flakes are kaolinite.
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The 1esé than one micron fraction of Ju-l1l gives
a strong non-expanded Al 2:1 clay x-ray pattern identical
with those of the Oswego clays. In addition, there is a
very weak line with a spacing of about 14 X. The xX-ray
diffraction pattern of the bulk sample Ju-l, in addition
to the non-expanded clay lines, has a moderately strong
series of lines, 14,0, 7.0, 4.68, 3450, which indicates
the presence of considerable chlorite in the coarser
fraction.,

Differential thermal analysis cuives of the less
than one micron fraction of samples 0S-1, 4, 7, and 8 are
shown on Figure 38. Samples 0S-1 and‘4’give typical non;
expanded Al 2:1 clay curves.with a weak endothermal peak
at 125 C, a broad ‘endothernal peak'W1th a maximum at 630-
650 C - a little hlgher than most non—expanded Al 2:1
clays - and a final endotnerma; peak at 970° ¢ followed
by a weak exothermal peak at 1000° C.

The curve of 0S-7 has no 125° ¢ endothermal peak
as the low temperature water was driven off before the
pattern was run. However, it has the broad 630-650° C,
endothermal peak found in 0S-1 and 4, but in this pattern
an additional sharp peak'is found at 580° ¢ extending below
the broad peak. This 580° C peak is probably caused by
the small amount of halloysite in the sample.

Sample 0S-8, which is ccmposed largely of 1laths,

gives a differential thermal curve similar to those for the

non-expanded Al 2:1 clays in many respects. It hzs z very
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Fig. 37 - (Ju=1) The less than one micron fraction of a

sample of Juniata shale. X 18,000
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TABLE 19
X-ray Data on 0S-8
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weak endothermal peak at 120o C. A moderate exothermal
peak which occuré at 470° C is probably caused by either
pyrite or organic material. Followihg this peak is a
b;gad double endothermal pgak extending from 500° ¢ to
700° C with maximums at 550° ¢ and 600° C. The 550° G
peak is probably caused by the small amount of kaolinite
which was detected in the x-ray patterns. At gOOo C 1is
the apex of the broad non~expanded clay hydroxyl-endo-
thermal peak. The high temperature endothermal and exo-
thermal péaks are not pronounced but there is evidence of
a slight endothermal reaction at $20° c.

The curve of sample 0S=-8 is strikipgly similar
to that fsr celadonite (Grim and Rowland (1942)). In both
cases the low temperature side of the éOOo C hydroxyl-endo-
thermal peak is much steeper than the high temperature side.
Both have weak 120° ¢ and 920° ¢ endothermal peaks.

The differential thermal curve for the less than
one micron fraction of Ju-l1, Figure 39, is nagrly identical
with those for 0S-1 and 4. In Ju-1l the hydroxyl-endotherma;
peak is slightly lower, occurring at 600o C. The lower
temperature of the apex of this peak may be caused by the
small amount of chlorite in the sample.

The Oswego clay from Williamsport gi#es a good
nﬁn—expanded Al 2:1 clay x-ray spectrometer pattern and

aifferential thermal curves, Figure 39, similar to those

for 0S-1 and 4. The slight inflection at 590° ¢ is pro-

bably caused by the presence of a small amount of kaolinite

or halloysite.
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The reason that the Oswego non-expanded Al 2:1
olay develops in the form of laths is not known at present.
Some chemical datz will be needed before the reason for
the lath structure can be discovered,

The predominant growth a2long one axis is most
likely caused by a directional strain in the mineral lattice
caused by the inequeality in size between the octahedral
layer and the two tetrahedrzal layers. Whereas a similar
.misfit in the 1l:1 lattice causes curved plates and in many
cases tubes, here the misfit layer is sandwiched on both
sides by layers of equal size ' which prevent curling of the

lazttice but does not relieve the strain.

ORIGIN

The examination of the heavy and light minerals
revezaled no trace of the common volcanic minerals. The
heavy'minerals are similar to those of.the coarser grained
Oswego and Juniata graywacke. It is concluded therefore }
that the clay had the same source area as the coarser |

material and is detrital in origin.

!
|
The concentration of the clay into relatively pure !
layers one to six inches thick is possibly caused by a winnow- ‘
ing of the clay from the coarser sand by wave action. Ocean ;
currents would carry the clay away in suspension until calmer
water were reached and it would then be deposited for vary-

ing lengths of time until the current became strong enough

to include silt and sand grains in its load. The thin clays
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layers between the bedding planes were probably deposited

by a similar process during a much shorter period of time.

DEVONIAN CLAYS

INTRODUCTICN

Ebright, fettké ana Ingham (1949). have described
a clay bed overlying the middle Devonian Onondaga 1ime;
stone which Fettke has called the Tioga bentonite. This
clay has not been found as an outcrop but is commonly found
in oil and gas drill holes throughout western and central
Pennsylvania., The particular sample used in this study
was obtained from Dr. R. BE. Bayles of the Peoples Natural
Gas Company of Pittsburgh. The sample is from the New
York State Natural Gas Corporation's Well No. -N-188 on the
R. P. Daugherty farm, Leidy Township, Clinton County, .

Pennsylvania. The sample was collected at a dépth of 6074 -

6077 feet.

An Upper Devonian sample was collected from a
two inch bed of pure clay in the Chemung formation. This
bed was found in the shaft of an abandoned silver mine

about five miles northeast of Jersey Shore, Pennsylvania.

MINERALOGY

Heavy Minerals

The heavy mineréls of the Daugherty sample con-
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sist of about 94 pércent of pyrite mostly in the form of
cggregates of cubes and octahedronse. Striationslafe common e
The non-opagues contain approximestely 50 percent apatite.
About half of the apatite is idiomorphic, some of it With
slight irregularies caused by incipient rounding. A quarter
of the apatite consists of large idiomorphic to hypidio-
morphic grains.

35 percent of the non-opaques are zircons which
vary from idiomorphig tc hypidiomorphic. Five percent
consists of biotite flakes. The flakes vary ffonlxenomor-
phic, sub-angular to idiomorphic. The biotite is‘a light
ﬁinkish brown and contains abundant rod-shaped inclusions.
The idiomorphism, color and inclusions are the same as
those of volcanic biotite from the Ordovician,

Approximately 10 to 15 percent of the non-opaques
consists of hypidiomorphic to xenomorphic grains of clino-
zoisite (colorless, index aﬁproximately 1.7, biaxial positive,
interference colors anomalous middle first order, parallel
extinction).

90 percent of the non-opaque heavy minerals from
the Jersey Shore clay are hy@idiomorphic to idiomorphic apa-~
tite gtains averaging 0.04 mm. in length. The remaining 10
percent consists of sub-angular zircon, light tan biotite
flakes and a few grains of colorless to olive tourmaline.
Six inches above this bed of clay is a thin, one guarter of
an inch, mica bed consisting of 85 percent light pinkish brown,

rod-containing biotite, 10 percent of clear muscovite, and 5

percent of a grass-green chlorite. The flakes average from

0.2~0.3 mm, in diameter and vary from sub-round to sub-angul
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In many cases the biotite flakes contain large, light
green patches, particularly around the edges, which may

indicate some leaching of the iron frocm the biotite.

Clay Minerals

Table 20 lists the (001) x-ray diffraction
values of the bulk Daugherty clay after various treatments,
The untreated material gives a fairly wide, strong line
at 10.2 X and a very weak line at 10,0 X. When the
material is treated with CaCly three lines are obtained:
11.0 X strong, 10.0 X strong, and 10.0 X very weak, The
11.0 X line is apparently due to interstratified material
similar to that of the Ordovician K-bentonites where a
value of 10.8-10.9 A was obtained. The 10.0 £ line is
due to a non-expanded Al 2:1 clay. (The second order
reflections also indicate two‘clay types). A value of
5.05.Xl(%%%).was obtained for the interstratified clay
and 4.94 X (002) for the non-expanded Al 2:1 clay. Vhen
the material is heated to 600° ¢ for 24 hours the very
weak 14.0 X, (001) line shifts to 13.4 g and becomes
stronger. The (062) and (OQS) lines become much wezker.
This indicates that the 14.0 X clay is chlori?e.

The Jersey Shore bulk clay, Table 20, gives a
strong x-ray diffraction pattern of a non-expanded Al 2:1
clay and a weak pattern of chlorite. The typical change
in the chlorite pattern was obtained when the material was

heated at 6000 C for 24 hours. When the material was treated

with CaCl2 no change in 00l spacing was observed.
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TABLE 20

X~-ray Date on Devonian Clays

Daugherty (Tioga Bentonite)

d in X I d in X I
Bulk lQ.2 s -
Untreated 19.? S 14.0 ww
Cleaned 10.3 s 14.0 wW
CaClg 11.0 S 14.0 wW
600° C-24 hrs.  10.0 s 13.4 W

Jersey Shore

Untreated 10,0 14.0 w

Ca012 10.0 13.3 wm
600° ¢c-24 hrs. 10.0 ’ 14,0 w
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Figure 40 shows the differential thermal analysis
curves of the two clays. The Daugherty clay has an exothermal
peak at 425-525°C probably due to organic matter and pyrite
and a stroné exothermal peak at 900° due to calcite. The
curve contazins the double hydféxyl-endothermal peaks which
were found in many of the Ordovician K-bentonites. The 600°C
peak, which was assigned to chlorite in the X-bentonites, is
considerably broader than the pure chlorite peak. This is due
to the presence of appreciable non-expandéd Al 2:1 clay in the
sample. The 730°C peak is typical of those obtained in the
K-bentonites for the interstratified expanded and non-expanded
Al tetoctrite. The Jersey Shore clay has a éOOOC hydroxyl-
endothermal peak which is typical of non-expanded Al 2:1
clays in this study. The chlorite peak apparently overlaps
this pezk.

Electron micrographs of the Tioga bentonite contain

discrete flakes similaer to the Ordovician K-bentonite (Fig. 41).

ORIGIN

On the basis of the heavy minerals it is possible
that the Tioga K-bentonite was derived from volcanic ash.
The idiomorphic apatite and probably the larger grains of
apatite are suggestive of volcanic phenocrysts as are the
idiomorphic zircon grains and biotite flakes. The origin of
the round apatite, zircon and clinozoisite is in doubt but
they probably came fiom the suirrounding seuiments and did not
have a volcanic source. Thé mineralogy of the clay minerals

i.e. chlorite and interstratified expanded and non-expanded Al

2:1 layers, indicates a close similarity in composition an
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Fig. 41 Unfractionated sample of Tioga K-bentonite.

X 24,000
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structure to that of the clay minerals of the K-bentonites
of the Ordovician and suggests that the original ash may
have been of a similar composition., It is believed that
the non-expanded Al 2:1 clay in this material had a non-
volcanic, detrital source and came from chips of the surrounding
limestone and shale which contaminated the sample. However,
it is possible that this materisal fixed more potassium than
did the QOrdovician K-bentonites and formed large packets of
non-expanded layexrs.

The presence.of apaetite and biotite in the Jersey
Shore clay suggests that at least part of the material is
volcanic. It is likely that the chlorite was derived from
the volcanic ash and the predominant non-expanded Al 2:1
clay, together with the zircons and tourmzlines, had a non-
volcenic detrital source,

The clay bed and the thin mica bed were probably
concentrzted by a winnowing of the associated graywackes .

This material may be related to the bentonite
found by Hass (1948) in Upper Devonian Chattanocga shale
of Tennessee. This bentonite contains 30 percent of biotite

and the clay was considered by the above mentioned author

to be similar to thet in the Ordovician XK-bentonite.
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