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INTRODUCTION
Purpose of Study

In order to understand the possible geologic factors which have
affectéd the distribution of clay minerals in ancient sedimentary rocks, a
stratigraphic unit from the Lower Permian Series in Kansas was selected
as a study unit.

The stratigraphy of the Havensville Shale Member of the Wreford
Limestone Formation has been described in detail by Hattin (1957). Although
the physical characteristics of the source area are not certain, the Havens-
ville Shale érops out more than 200 miles along the Prairie Plains Homocline
in Kansas and Oklahoma with a definite trend of thickening toward northern
Kansas. It was hoped that the effects of unknown and poorly defined variables,
such as di;fferent source areas, climate, and topography, could be held to a
minimum by choosing one stratigraphic unit.

The principal objectives and steps of this study are as follows:

1. Identification of the vertical and lateral clay mineral assemblages
for samples from selected localities, using X-ray diffraction.

2. Recognition of possible significant trends in the clay mineral
assemblage from qualitative and semi-quantitative interpretation of the X-ray
data.

3. Measurement of the K/Rb ratios for samples from selected locali-

ties.



4. Determination of the polytypes of the phyllosilicates.

5. Measurement of the Rb/Sr age of the clay minerals.

The above considerations may allow some constraints to be set upon
the factors responsible for the total clay mineral assemblage of the Havens-

ville Shale.

Review of the Literature

Considerable discussions have accumulated on the origin of clays and
the factors affecting the distribution of clays both in Recent and ancient sedi-
ments. These discussions have been particularly concerned with:

1. whether there occurs any structual change in clay minerals when
they pass from the fluvial to the marine environment, and

2. the reasons for such a change,

3. the extent of diagenetic effects on the mineral compositiqn, and

4, the relative importance of authigenesis or neoformation in a
particular environment.

Examples of the modification of clay minerals in the marine environ-
ment can be found in the early papers. Grim, Dietz, and Bradley (1949)
found, in their study of clay minerals in sediments off the Pacific Coast,
that samples taken near the coast were richer in kaolinite than montmorill-
onite and illite. They suggested that there was a transformation of the clay
minerals into illite and chlorite by adsorption of potassium and magnesium

ions in the ocean water. Similar results were also found for sediments in



the Gulf of Mexigo and the Mississippi River delta (Grim and Johns, 1954;
Johns and Grim, 1958).

Milne and Early (1958) explained that the clay mineral assemblage in
an area of active deposition is dependent largely on the character of the
source area, whereas alteration of clay minerals can be expected where the
sedimentation rate is low and sufficient time is available for chemical equili-
brium between the sea water and the clay minerals. This conclusion was
based on the clay mineral study in the sediments between the Mississippi
delta and the Mobile River in southern Alabama.

Powers (1954, 1959) found interesting results at Chesapeake Bay
where illite was dominant. Mixed layers, vermiculite and chlorite were
formed within the estuary. With the increasing salinity of the environment,
the stability of the chloritic minerals upon heating also increased. He sug-
gested that there could be an evolution of the disordered micaceous lattices,
inherited from the land, toward chlorite.

Contrasting results indicating little modification of clay minerals in
the marine environment can also be found. Murray and Sayyab (1955), in
their study of the sediments off the North Atlantic coast, found that the basic
clay minerals did not change with distance offshore or with depth, but im-
proved crystallinity was found with corresponding decrease in the amount of
mixed-layers. Likewise, Taggart and Kaiser (1960) did not find any modifi-
cation in clay minerals of the Mississippi deltaic sediments.

Diagenetic evolution of clay minerals can also be evaluated if one



considers a thick sequence of sediments with a known source. Powers (1959,
1967} and Burst (1959, 1969), respectively, have studied the evolution of clay
minerals in the Tertiary Series off the Gulf Coast. They observed a decrease
in montmorillonite as a function of depth. Montmorillonite seemed to be con-
verted to illite by a substition of magnesium for aluminum in the silicate
structure with consequent fixation of inter layer potassium. Mixed-layer
illite was found at intermediate depth.

Quite different interpretation of this subject was discussed by Weaver
{1958b). He considered that variations in clay mineral assemblages are
mainly due to the changes in the source of the sediments or in the distance
from the shore. Weaver (1958a, 1958b) contended that most of the clays in
sediments were detrital and only slight modifications could occur in the de-
positional environment, in the form of cation adsorption or reconstitution of
weathered illite.s and chlorites back to original form. He believed that none -
‘of the major clay mineral types are restricted to particular environments
and no basic structural change occurs in different invironments, whereas
some other investigators (Millot, 1952, 1970; Grim, 1958} favor the concept
that certain clay minerals are more common in certain environments than in
others.

Whitehouse, Jeffrey and Debrecht (1960) made important contribution
with their work on differential settling of clay minerals. Their study of
settling velocity in marine and brackish water with 1500 samples of clay

from all kinds of sources showed that chlorite settles slightly faster than



kaolinite, and vermiculite faster than illite.

It is obvious that very different opinions have been viewed by differ-
ent investigators on the origin and distribution of clay minerals in Recent
and ancient sediments. It seems particularly problematic whether trans-
formations and diagenesis may occur to a large extent in clay mineral assem-
blages.

In the past 15 years several master's theses and research papers at
Kansas State University have dealt with the clay minerals in the Kansas
stratigraphic column. These studies showed that the clay mineral suites in
the vicinity of Manhattan generally consist of a monotonous sequence with
little vertical and lateral changes.

Mc Pherron (1956) studied clay minerals in most of the shale units
in the Council Grove Group and Chase Group near Manhattan. He found illite,
chlorite, and mixed-layer chlorite-vermiculite as major clay minerals in
all units. The presence of montmorillonite as a mixed-layer was attributed
to an alteration product of volcanic ash.

Studying five Pennsylvanian and six Permian limestones, Watkins
(1957) observed illite, chlorite and illite-montmorillonite as the dominant
clay minerals. Mixed-~layer chlorite-vermiculite were in subordinate
amounts. The chlorite was iron-rich and poorly crystalline in all cases.

Asmussen (1958) studied limestones and shales from the Council
Grove Group near Manhattan. Montmorillonite as well as volcanic ash was

noted in the Neva Limestone. He also reported that the chlorite was degraded



iron-rich variety. All possible variations in interstratification were pre-
sumed.

Hargardine (1959) investigated the effect of weathering on the clay
mineralogy of the Grenola Limestone, and found a possibl@ correlation be-
tween the iron content, the crystallinity of the clay minerals, and the degree
of weathering to which the rock was subjected. More iron-rich and poorly
crystalline chlorite was found in weathered rocks. Regularly interstratified
chlorite-montmorillonite was common in fresh samples. He noticed that
chlorite was abundant where dolomite is present.

Bryson (1959) related the clay mineral assemblage to the environ-
mental conditions which were imposed by regional structures at the time of
deposition. He covered a wider geographic range than other investigators,
studying limestones, dolomites, and shales of the upper Chase and lower
Sumner Groups in North and Central Kansas. Illite and chlorite were con-
sistently dominant in the basin and mixed-layer chlorite was found parallel to
anticlinal structures.

Dominant illite and interlayers of chlorite and vermiculite were noted
in Huber's study (1965) of Crouse Limestone. Further detailed study of the
clay mineralogy of the Crouse Limestone is being carried out and preliminary
investigations reveal that illite is dominant and random layers of chlorite and
vermiculite also occur. Discrete chlorite was also found with an abrupt in-
crease toward upper units of each section (Twiss and Lee, 1972).

Valuable data and information were obtained by Stindl (1966) in his



i
investigation of the clay mineralogy of the Cottonwood Limestone. Two types
of clay mineral assemblages were reported; a northern facies containing
illite and mixed-layer chlorite-vermiculite and a southern part with illite,
randomly interlayered illite-montmorillonite, and chlorite. He concluded
that the clay mineral assemblages of the Cottonwood Limestone were mainly
the product of different source areas and different environments of deposi-
tion. It is interesting to note that kaolinite was found at only one locality in
the southern part of the Cottonwood Limestone outcrop belts.

Dowling (1967), in his petrographic and geochemical study of the Eiss
Limestqne, indicated two types of clay mineral assemblage and attributed
them to two different sources.

Brookins, Chaudhuri, and Dulekoz (1969) investigated thé Eskridge
Shale for Rb-Sr whole-rock isotopic age determination and clay mineral com-
position. They found illite, with the 2M polytype dominant, as the most
common clay mineral, followed by chlorite and expandable mixed-layer clay
minerals. Using isotopic data they reported that the maximum age of forma-
tion for the Eskridge Shale is 300 T 4 million years on the basis that principal
Rb-bearing phase is allegenic 2M illite.

These published results have provided valuable knowledge in the
understanding of clay mineral suites in Late Paleozoic rocks in Kansas, al-
though the investigations were, in many instances, carried out over small

geographic areas.






THIS BOOK
CONTAINS
NUMEROUS PAGES
THAT WERE
BOUND WITHOUT

PAGE NUMBERS.

THIS IS AS
RECEIVED FROM
CUSTOMER.



EXPLANATION OF PLATE I

Stratigraphic column, showing portion of Chase and Council Grove
Group, Gearyan Stage, Permian System. Havensville Shale is a part of

the Wreford Megacyclothem.
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STRATIGRAPHY OF THE HAVENSVILLE SHALE

Schroyer Limestone, Havensville Shale, and Threemile Limestone
comprises, in descending order, the Wreford Limestone Formation of the
Chase Group, Lower Permian Series. The Wreford Limestone extends from
southgra.stern Nebraska across Kansas into northcentral Oklahoma, (Twenhofel,
1219; Hattin, 1957; Gr-eig, 1959) and is the oldest of the Permian formations
of Kansas to contain an abundance of chert. It is the basal formation of the
Chase Group, underlying the Matfield Shale and overlying the Speiser Shale
(Garrison Shale in Oklahoma) and ranges 30 to 40 feet thick in Kansas (Zeller,
1968); a maximum of seven feet is assigned to the Wreford in Pawnee County,
Oklahoma. Subdivisions of the formation are identifiable across Kansas but
have not been defined in northern Oklahoma.

The middle member of the Wreford Limestone was named the Havens-
ville Shale by Condra and Upp (1931) from exposures near Havensville in
Pottawatomie County, Kansas who reported a thickness ia.t the type locality
of from 18 to 19 feet. Later work by Hattin (1957) corrected it to 27 feet.
Across Kansas and Oklahoma a great range in thickness of the member has
been observed. Throughout northern Kansas in Riley, Geary and Pottawa-
tomie Counties, the thickness ranges from 14 to 20 feet and consists domin-
antly of shale and a few beds of argillaceous limestone. The minimum thick-
ness is 1. 6 feet in Chase County where the Threemile Limestone Member
contains a thick reef limestone. In southern Kangas and Oklahoma the unit

averages 6 to 7 feet with a dominance of thick-bedded limestones.
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Fisher (1956) described the unit in Osage County, Oklahoma, as
alternating, gray, fine crystalline, thin-bedded, non-fossiliferous lime-
stones, and gray shale.s ranging from 2 to 12 feet thick. The Wreford Form-
ation thins to a featheredge in the southern part of Pawnee County and no
detectable horizon, separating Council Grove and Chase Groups, can be
found (Greig, 1959). The Wreford in this region consists of thin interbedded,
fossiliferous limestones and red shale in the lower part and highly leached
sandstones and sandy limestones in the upper part. The sandstones are
stained dark red by ferric oxide from adjacent shales, with pitted surface
and well-developed bedding. Due to poor exposures at northern Oklahoma,
correlation was very difficult and it was only assumed that abrupt facies
changes occur in this region with persistent limestones becoming more
sandy toward the south.

| Complete exposures of Wreford Formation are rare throughout Kansas
due to easy erosion of the overlying chert-bearing Schroyer Limestone and
slope-forming habit of Havensville Shale. In most cases, the Havensville
Shale member is partly or wholly covered even in complete sections, and as
in central Kansas where the Wreford outcrop is broad, exposures are only
in the sides of gullies.

Hattin (1957) observed a repetitive sequence of sedimentary rock
types in the Wreford Limestone and adjacent shales. Based on the recurr-
ence of lithologic types with characteristic fossils, he suggested two complete

cyclothems in the Wreford, each with distinctive transgressive and regressive
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ﬁhases. The term "Wreford Megacyclothem'" was proposed for this assem-
blage of rocks which includes the Speiser Shale, Wreford Limestone, and
overlying Wymore Shale. The cyclic system is most nearly complete in
northern Kansas, although some local changes exist. In central Kansas,
however, significant deviation occurred from cyclic sedimentation due to
the reefs in Threemile Limestone which cropout in Chase and Morris
Counties.

The algal-molluscan beds in Cowley County are probably the product
of an environment that may have been restricted by reefs in central Kansas.
The reefs seem to be connected and Hattin (1957) presumed them to be off-
shore barriers.

The Source area or areas which affected deposition of Havensville
Shale is not clearly known. Paleogeography during Permian time shows
highland areas in the south, including the Arbuckle and Oklahoma Mountains
and low-lying land in the north, It was hoped that the study of lateral clay

mineral assemblage might be helpful in understanding the effect of provenance.
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PRELIMINARY INVESTIGATION

In order to establish the minimum number of samples necessary to
define the clay mineral assemblages of the Havensville Shale, one thick sec-
tion was chosen for detailed preliminary study. Samples were taken at one
foot intervals from the road-cut on I-70, about 14 miles west of the junction
of K-177 and I-70.

Oriented slides were made from ten random samples for three frac-
tions of particle sizes: less than 0.5, 2, and 10 microns. Clay minerals

|
were identified by X-ray diffraction and a planimeter was used for semi-~
quantitative measurements. Detailed laboratory procedures will be discussed
later.

The data were first tested for homogeneity of variance by Hartley's
method (Fryer, 1966, p. 246) and then analyses of variance were done to ob-
tain significant tendencies. Table 1 shows the results.

The following results were obtained from this preliminary study:

1. Regularly interstratified chlorite-vermiculite or chlorite-mont-
morillonite, illite, and small amounts of discrete chlorite were found in all
samples with minor amounts of calcite, dolomite, and quartz except in less
than 0.5 micron fraction.

2. Illite was more abundant in the finer fractions, whereas mixed-
layer chlorite was abundant in the coarser fractions.

3. The relative amount of illite seemed to increase toward the middle

part of the section, whereas mixed-layer chlorite increased toward the top
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TABLE I

Two-way analyses of variance after Hartley's test.

Illite

Sum of Mean

Square D.F- Sq_lla.re F"test L-S. D. 0. 05
Size 463 2 231.5 7. 47%% 5.2
Sample 2045 9 227, 2 7. 33% 9. 6
Error 558 18 31.0
Total 3066 29 105.7
Mixed-layer Chlorite .

Sum of ~ Mean T

Square D.F. Square F-test L.S.D. 0.05
Size 130 2 84. 2 4, 22%% 4.1
Sample 2033 9 65.0 14,7 ek 6. 74
Error 278 18 225.9 )
Total 2441 29 15. 4
Chlorite

Sum of Mean
Square D.F Square F-test L.S.D. 0.05

Size 35 P 17: 5 1.06 Not significant
Sample 167.9 9 18,7 1.13 at 0.10, 0,05 level
Error 297.3 17 16.5
Total 500.2 28

#% Significant at 5% level.
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and bottom of the unit.

4. No significant trend was found with the analysis of variance on
discrete chlorite.

5. No differences could be found in the type and amount of clay
minerals between limestones and shales in the section.

6. No relationship could be inferred between mixed-iayer chlorite
and absolute amount of dolomite.

7. Although there is a difference in the amount of clay and non-clay
mineral contents among different size fractions, for practical purposes, less

than two micron size was adapted for later investigation.
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EXPLANATION OF PLATE III

Map indicating locations of samples. Sample localities cover
more than 200 miles from northern Oklahoma to northern Kansas.

Sample locations and designations are as follows:

L. HP, Pottawatomie Co., Kansas

2. HG, Geary Co., Kansas

3« HCh; Chase Co., Kansas

4, HB, Butler Co., Kansas

B HEG, Cowley Co., Kansas

6. W, Pawnee Co., Oklahoma
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FIELD PROCEDURE

Samples of the Havensville Shale were collected from the following
locations:

1. Geary County, Kansas (SW 1/4, Sec. 34, T. 115., R. 6 E.)
Road-cut on I-70, 14 miles east from K-177 junction. Havensville Shale
21 feet exposed, partly covered.

2. Pottawatomie County, Kansas (SW 1/4, Sec. 3, T. 7S., R. 9E.)
Road-cut on K-99, 5 miles north of Westmoreland. Havensville Shale 15 feet
exposed.

3. Morris County, Kansas (SW 1/4, SE 1/4, Sec. 2, T. 16 5., R.
8 E.) Road-cut on K-177, 1.6 miles north of Council Grove.

4. Chase County, Kansas (SW 1/4, NW 1/4, Sec. 19, T. 22 8., R.
8 E.) Abandoned quarry on the east side of intersection, K-177 and Atchison-
Topeka Railroad, 2.8 miles southwest of Matfield Green. Havensville Shale
1.6 feet assigned.

5. Butler County, Kansas (SE 1/4, Sec. 19, T. 25S5., R. 8 E.)
Gully in the ranch, 4.5 miles northeast of Rosalia. Havensville Shale 10 feet
exposed.

6. Cowley County, Kansas (SW 1/4, Sec. 19, NW 1/4, Sec. 30, T.
33 8., R. TE.} Road-cut on K-15, 2 miles south of Dexter. Havensville
Shale 7 feet exposed.

7. Pawnee County, dklahoma (South line of Sec. 4, T. 22 N., R. 4 E.)
Road-cuts along Oklahoma Hwy. 15. Wreford 6 feet exposed.

The number of samples taken at a given locality was judged by litho-
logic changes and correlation with other outcrops. For a thick sequence of
rocks, samples were taken at one-foot intervals. In order to minimize the
effect of weathered portion, samples were collected from freshly dug small

trenches.
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EXPLANATION OF PLATE IV

General laboratory procedures adapted in this study.
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LABORATORY PROCEDURE FOR CLAY MINERAL ANALYSES

General procedure for the X-ray analyses is shown in the flow sheet.
For clay mineral analyses, the procedures used by Hathaway (1955) were

adapted.

Fractionation of Clay Minerals

About 300 grams of air-dried sample were put in a beaker and covered
with distilled water for 48 hours., Then the disaggregated sample was trans-
ferred to a Waring Blender and stirred for 10 minutes. The material was
wet-sieved through a 230-mesh screen with about 800 ml. of distilled water
and repeated centrifugation and decantation were followed until dispersion
could be effected. No dispersing agent was used in this study. In case of
hard, dense limestone, the sample was crushed by a jaw crusher and 0.3 M
Acetic Acid was used to obtain enough clay-sized material. The method is )
similar to that described by Ostrom (1961). Separation of clay from sand-
stone was based on the technique proposed by Folk (1968).

The washed slurry was stirred again and 1, 000 ml. cylinders were
used for gravity settling. The length of time necessary for settling was cal- "~
culated from the equation given by Folk (1968, p. 40). Fractions finer than
two microns were siphoned off after proper length of settling time and the
slurry was used for oriented slides, random powder acid treatment, and

cation saturation. A portion of the slurry was dried for Rb-Sr isotopic

analyses and X-ray spectrographic analyses.
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Oriented Slides and Random Powder

Several papers have discussed the methods for proper clay mineral
mounting and orientation. Conventional pipette or dropper-on-glass slide
technique is still widely used, while some favored a suction-on-ceramic tile
technique (Kinter and Diamond, 1960) or smear-on-glass slide method (Gibbs,
1965, 1968).

In this study, oriented slides were made by the drop-on-glass method
but care was taken not to drop too much slurry on the slide. A portion of less
than two micron slurry was acid treated, dried, and ground for X-ray diffrac-
tion of the powdered sample. Non-clay mineral identification was supple-

mented by random powder mounts of the silt fraction.
X-ray Diffraction

In this study, identification of clay minerals was solely based on
X-ray diffraction, using a Norelco Wide Range Diffractometer. Untreated
slides and random powders were scanned from 1 to 62 degrees two theta
with Ni filtered Cu K-alpha radiation. Additional diffractograms for glyco-
lated and heated samples were mostly run from 1 to 30 degrees two theta.

;

Other mechanical settings were as follows: Scanning speed of lo/min. 3
chart speed 30 inch/hr., and time constant of two seconds; a proportional
counter detector and pulse height analyzer were used.

The goniometer slit system was composed of a divergent and anti-

scatter slits of one degree, and a 0. 003 inch receiving slit.



25

Organic Liquid Treatment

Ethylene Glycol [C2H4(OH)2] and Glycerol [C3H5(OH)3] were
used in the clay mineral identification. These organic liquids enter the inter-
layer sites of the expandable 2:1 clay structures of such clay minerals as
montmorilionites, mixed-layer illites, and some varieties of chlorite and
vermiculite, and thus cause expansion of the structure along c-direction.

Brunton (1955) discussed the glycolation technique which uses vapor
pressure for solvation. For present study oriented slides were allowed to
stand in desiccators containing ethylene glycol or glycerol for 48 hours.
Direct spraying of the liquids on slides was found to destroy proper orienta-
tion.

The purpose of using both ethylene glycol and glycerol was that they
could be useful in differentiating expandable vermiculites from montmorillon-
ites (Walker, 1961). Mg-saturated montmorillonite expands by forming
organic complexes with both liquids due to its low layer charge. Mg-vermi-
culite does not expand upon glycerol treatment, although expansion may occur
under certain conditions if ions such as Ca, Sr, or Ba occupy the interlayer

positions.
Heat Treatment

The changes in structure due to dehydration and transformation that
occur on heating different clay minerals can be used for more accurate

identification, although other properties such as particle size, crystallinity,
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and composition of the clay minerals involved should be considered.

The polymorphic varieties of kaolinite lose structural water and com-
pletely decompose at about 550° C (Brindley, 196la, p. 84). All montmorill-
onites lose interlayer water in the range of 100 to 200° C, resulting in col-
lapsed structure which depends on the type of interlayer cations. Heating at
500° C causes dehydroxylation of the members of the Smectite group (MacEwan,
1961, p. 188). Vermiculite shows progressive removal of interlayer water
upon heating as shown by Walker (1961, p. 304}, although rehydration occurs
quickly at low temperature. Chlorite is not affected by heating up to 600° C,
but poorly crystalline types decompose at temperatures as low as 450° C
(Brindley, 196lb, p. 263). Illite is not affected significantly below 600° C
except in some anhydrous modifications (Brindley and Grim, 1961, p. 232).
For the present investigation oriented slides were heated at 450 and 600° C
respectively, in a muffle furnace. The heated samples were scanned immedi-

ately.

Acid Treatments

In order to determine the stability of clay minerals in concentrated
acid treatment, a few standard clay minerals were treated with 6N HCI for
10 hours at 60 to 70° C. Fithian illite and Mc Namee kaolinite retained their
characteristic diffraction pattern, whereas Bayard montmorillonite showed
only a weak diffuse band in the 14 AO region. It was believed that montmorill-

onite minerals are more or less soluble upon warm acid treatment (Mac Ewan,
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1961, p. 186). It was also found that chlorite and vermiculite are not resis-
tant upon acid treatment.

About 25 ml of slurry was put in a beaker and the sample was warmed
at 60° to 70° C with 20 ml of 6N HCI for ten hours. Treated slurry was
thoroughly washed until a pH of nearly 7 was regained. Oriented slides were
made after mixing with 5 to 10 ml of alcohol with the slurry to prevent curl-

ing of the oriented specimen.
Cation Saturation

The significant role of interlayer cations on structural parameters
has been known (Radoslovich and Norrish, 1962; Leonard and Weed, 1966).
Basal spacings of montmorillonite minerals and vermiculite are significantly
different due to different water uptake by exchangeable cations in the inter-
layer site (see Brown, 1961, p. 195 and p. 570).

The cation exchange property of clay minerals depends on several
factors: magnitude of interlayer charge, particle size, time of treatment,
nature of replacing cation (size and valence), temperature, presence of ex-
changeable H+, solution concentration and pH effect (Sawhney, 1966; Scott
and Smith, 1966; Dolcater and others, 1968; Barshad, 1954). The exchange |
property of clay minerals may be applicable for genetic differentiation as
explained by Weaver (1958).

+2 +2
In this study, the samples were saturated with K+, Mg Ca , and

+2
Ba  solutions to obtain characteristic X-ray diffractograms. The samples

were treated with 1N chloride or nitrate salt solutions for 48 hours, and,



for a few representative samples, a period of nearly 2 weeks.

was then washed thoroughly for removal of excess salts.

28

Each sample
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X-RAY SPECTROGRAPHIC ANALYSES

The ratio K/Rb was earlier interpreted as being relatively constant
in igneous rocks and meteorites by Ahrens and others (1952), although some
anomalous ratios were reported (Taylor and others, 1956). Similarities in
their ionic radii (KT =1.33 A, Rb = 1.47 A ) would account for their close
association in igneous, metamorphic and sedimentary environments.

Horstman (1957) reported statistically constant K/Rb ratios in all
igneous rocks. The ratio differed for different magmatic suites, but showed
little variation in a given rock series. According to him, K/Rb ratio de-
creases during weathering and Rb is retained by clay minerals having a
structural position for the ion. Horstman also suggested that adsorption on
clay mineral surface may play an important role in the enrichment of Rb
relative to K in the late stages of weathering and during sedimentation.

It is hoped, therefore, that measurement of the K/Rb ratios in the
present investigation would be useful in distinguishing the provenances of the
sediments.

The principal K and Rb bearing clay mineral is believed to be illite.
Samples were pretreated with 0.1 N HCI1, followed by washing and decantations,
in order to remove carbonate minerals and loosely adsorbed Rb ions from the
clay maineral surfaces. With this process much of the Rb in clay minerals
other than illite was believed to be removed (Chaudhuri and others, 1970),

It has to be emphasized, therefore, that the results of the K/Rb analyses are

limited only to the interpretation of illite clay minerals,
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Grim (1968) summarized chemical analyses of the major clay mineral

groups. Illites contain K,O ranging from 3. 25 percent up to 8 percent,

Z
mostly less than 0.5 percent in montmorillonites, and average o. 7 percent in
kaolinite. Evidently, the main source of potassium is illite clay minerals.

The K O and Rb content in the acid treated samples were determined
by using X-ray spectrography. Prior to the analyses, the samples were
fused in order to minimize the absorption effects as shown by Rose and
others (1963). The fused material consisted of a mixture of 0.25 gr. of
powdered sample, 0.13 gr. of Laz_(_')3 and 1 gr. L12B4O7. The fusion was
achieved for 20 minutes at about 1, 000° C using graphite crucible and meker
type burner. The cooled bead was then ground in a mortar and boric acid
powder was added to each sample to bring the total weight to 1. 50 gr. The
samples were then put in Spex caps and pellets were made with a hydraulic
press maintained at 12 tons for 20 seconds.

The instrumental settings of the X-ray spectrograph and the standard
calibration curve for KZO analyses are given in Plate V,

For measurements of Rb content, a standard sample was analyzed by

isotope dilution (Chaudhuri, personal communication) and the X-ray intensi-

ties of unknown samples were compared to the standard sample.
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EXPLANATION OF PLATE V

Standard Calibration Curve for K,0 Measurements. Linear
regression equation was drawn using 7 standard samples. Variance
due to deviation from the regression was 0. 00907. Confidence inter-
val for the slope at 95 percent level is also shown.

A Norelco Vacuum Spectrograph, equipped with gas-flow
proportional counter, was used for analyses. The instrumental settings

were as follows:

Cr tube at 45 KVP and 24 MA, Detector Voltage 1.46 KV
Level 2.8 Volts, Window 3.2 Volts, EDDT Analyzing crystal

For background and peak intensity counting, a teletype was
used with 10 seconds of fixed counting interval. X-ray counting standard
deviation was 1,0 to 1, 3 percent at 95 percent or 2 standard deviation

level.
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PLATE V

CALIBRATION CURVE, K
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Rb-Sr ISOTOPIC AGE DETERMINATION

The strontium isotopic analyses on clay minerals have been found use-
fol in determining their origin (Dasch, 1969). Illite is the most important
carrier of radiogenic strontium if derived from older rocks, and, if some
authigenic illite was formed in marine environment, it may show the isotopic
composition that is the result of equilibration with dissolved sea-water stron-
tium. In most cases, however, the masking effect by detrital composition
will make it hard to prove this evidence.

Rb-Sr isotopic analyses were performed on the samples of less than
two micron fraction. All samples were treated in 0.1 N HCI prior to the
isotopic analyses. The acid treatments were designed to remove the normal
strontium frorﬁ the carbonate bearing phases and to remove the strontium
from all clay minerals other than illite. The strontium isotopic composition
of montmorillonites may approach that of sea-water by ion exchange (Dasch,
1968) but up to 80 percent of the composition is leached out during the process
of carbonate removal (Chaudhuri and others, 1970). Kaolinite and chlorite
minerals generally contain little strontium, which is largely removed by the
acid treatment. Hence, the acid treatment makes it possible to determine
the radiometric ages for essentially a monomineralic phase. As in K/Rb
analyses, the results of the isotopic analyses are thus limited to illites.

Preliminary Rb/Sr ratios were determined by X.-ra.y fluorescence
using a Mo target at 45 KVP, 40 MA with scintillation counter and LiF analyz‘-

ing crystal. The acid-treated powdered samples were packed into a holder
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with spatula and three runs were made after repacking each time in order to
check the reproducibility. Rb/Sr ratios were calculated by measuring peak
heights. |

The mass-spectrometric analyses were done by Dr. S. Chaudhuri in
the Department of Geology, Kansas State University. Detailed theory in
Rb-Sr geochronology and laboratory procedures are in Chaudhuri (1966) and

Dulekoz (1969).
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INTERPRETATION OF X-RAY DIFFRACTOGRAMS
Identification of Clay Minerals

Routine schemes f‘or X-ray identification of clay minerals were based
on analyses of oriented samples for enhanced intensity. X-ray diffractograms
were obtained from air-dried, glycolated, heated, and acid-treated samples.
Random powders were X-rayed mainly for the differentiation of polytypes and
identification of non-clay minerals. The basic criteria for identifications are

discussed.

o o
Illite. A series of basal peaks at 10 A, 3.3 A, and others, character-

ized by variable peak intensities and peak resolutions, were noted. The
basal peaks were not significantly affected by either glycol or heat treatment
up to 6250 C. Poor crystallirﬁty and extremely small crystallites are known
to cause less intense, broad, and diffuse reflections (Murray and Sayyab,
1954)., Peak broadening in illite may also be caused by replacement of
potassium ions by H3O+, resulting in an inter—layef hydration state which
may be called degraded illite by further hydration. The ion content of illites
in their octahedral position étrongly affects 002 peak height, such that iron-
rich illites or glauconites have low 002 peak intensity (Weaver, 1958a).

Measurements of 001 and 002 peak heights were done in this study to
compare with potassium contents which were obtained by X-ray spectrograph-
ic analyses.

+2 2 +
Cation treatments of Mg , Ca+ , and K did not change the basal
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spacings, but heating at 450° C and 6000 C for one hour usually caused the
sharpening of 001 reflection and a slight decrease in spacing (less than O. SR).
¥-ray diffractograms of powdered samples indicate that the illites in the
Havensville Shale are mostly dioctahedral, although some uncertainties were
commmonly present because of interference of quartz peaks at 1. 54 12 (311)

Qo
and 1. 50 A (302).

Illite -Montmorillonite. Mixed-layer illite-montmorillonite was indi-

cated in all samples -on the low angle side of the 10 12 illite reflection .a's a
diffuse and broad peak. In some samples, a prominent reflection with 11 K
basal spacing appeared on untreated diffractometer patterns. Glycolation
shifted the peak to nearly 14 X, the expanded position depending upon the
relative amount of montmorillonite in the interstratification, The interstra-
tifications were random judging from the absence of higher order reflections
and by the diffused reflections. Both heating at 4500 C and potassium trea.t-. ;
ment caused the structural contraction to 10 _lg, which stlrongly suggests that
most of this mixed-layer exists as a degraded form of illite. Ca- and Mg-
saturated samples showgd broad and diffuse peaks at the 11 K region, which
indicates a disorder in c-axis stacking sequence of the random interstratifica-

tion with a different magnitude of cation exchange capacity in each unit layer.
In this study, the relative abundance of each component could not be

determined because of the diffuse nature of the reflections and small amount

of the mixed-layer present.
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Montmorillonite. Montmorillonite was identified by its characteristic

structural expansion upon saturation with organic liquid vapor. The strong
001 reflection at 14.9 !(\3 was readily expanded to 17 K; higher order reflec-
tions were either weak or absent.

o )

When heated to 450 C the first order spacing contracted to 10 A by
losing absorbed water layers. Upon potassium treatment, d(001) decreased
to 12 Ao, possibly due to low layer charge of the montmeorillonite. The con-
tracted spacing of K-treated sample was further expandable upon glycolation.
A broad peak of about 11.6 X remained after acid treatment. This suggests
irregular interstratification of highly aluminous montmorillonite with only
hydrogen ions remaining in its interlayer after treatment with hydrochloric
acid (Mac Ewan, 1961, p. 186).

At room temperatures, montmorillonite having Na as exchange cation
has one water molecule with basal spacing of about 12 .I?L, whereas montmor-
illonites with Ca or Mg in exchange sites have two water molecules, resulting
in d spacing 15 jg (Grim, 1968). Similarities between Ca-saturated and un-
treated patterns indicate that the exchangeable cations were mostly calcium
in the samples analyzed,

Differentiation of montmorillonite from vermiculite was achieved by

magnesium saturation and glycerol solvation (Walker, 1961, p. 316).

o o o o
Chlorite. Untreated slides showed 14 A, 7 A, 4.7 A and 3.5 A reflec-
tions which could be attributed to chlorite, vermiculite or interstratification

between them. Glycolation usually revealed an unexpandable 002 chlorite
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reflection at 7.1 P(: First order reflection was usually masked by the strong
mixed-layer chlorite peak. When heated to 4:500 C, the 001 and 002 intensi-
ties decreased drastically, but at 6000 C the 14 ﬁc: intensity increased with
higher orders destroyed.

A few varieties of chlorite were observed. For example, in some
samples the first order reflection at 14 ;32 dedreased to 13.5 Ao upon initial
heatiz;lg at 4500 C; no higher orders were observed. The decreased spacing
remained unchanged on further heating.

The measurements of basal intensities could not be done satisfactorily

because of generally small quantities present.

Mixed-layer Chlorite. A strong and sharp reflection in the range of

14.0to 14. 5 X was observed in most of the samples with weaker higher order
o o o
reflections at 7.2 A, 4.7 A, and 3.5 A. Two kinds of interstratifications
were identified based on untreated, glycolated, and heated sample a-,nal)%ses:
(1) partially random with alternation and (2) regular alternation between
chlorite and vermiculite-like or montmorillonite -like expandable layers.
The sedond order reflections of the regularly interstratified mixed-
layers usually appeared at about 14.7 ;L on untreated patterns. Basal spac-
ings are compared with other published data in Table 2. The data fit the
description of regularly interstratified chlorite-vermiculite (Bradley and
Weaver, 1956}, montmorillonite-chlorite (Early and others, 1956), and also

of corrensite (Lippmann, 1956).

Whether the regular interstratification occurred between chlorite and
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montmorillonite, or between chlorite and vermiculite is somewhat problem-
atic because gradations may exist between montmorillonite and vermiculite

in terms of layer charge and other properties. Mg-saturated samples usual-
ly had higher peak intensities without shifting peak positions and subsequent
glycerol solvation did not expand the structure. Calcium treated samples
reveAaled slightly increased basal spacings at 14.9 .K which expanded to 16 K
upon glycerol treatment. The results imply the presence of low charged
vermiculite-like layer in the regular interstratification. However, the X-ray
diffractograms of potassium saturated samples revealed characteristics which
are common to the high-charge montmorillonite -like layers.

The basal reflections of the partially random mixed-layers examined
in this study showed some changes in d-spacings upon glycol solvation and
heating. The strong reflection in the range of 14.0 to 14.5 .A.O expanded to the
ranger of 14.7 X to 15.2 ﬁox upon glycolation. Some of the samples from south-’
ern localities showed weak resistance to heating, resulting in complefe dis -
appearance of 14 .fg reflection at 4500 C with only a trace of broad peak at

o : o
11 to 13 A region. However, a broad peak at 12 A‘usually appeared after
heating at 6000 C. Higher order reflections were generally weak or absent.
These features were believed to be due to -the differences in relative amount
of chlorite and other expandable components in the partial random interstra- '
tification, and the degree of order and disorder in c-axis stacking sequence.

A specific name, such as chlorite-vermiculite or chlorite-montmeor-

illonite was not assigned to the regular and random interstratification solely
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on the basis of swelling and thermal behaviors, because the exact nature of

. +2 +
the expandable layers was not clearly known. Judging from Mg - and K -
saturated diffractometer patterns, it was believed that the expandable layers
both in regular and partially random interstratifications were mostly vermi-

culite-like layers.

Kaolinite. Diffractograms of untreated samples from Pawnee County
showed strong and sharp 001 and 002 reflections at 7. 15 A and 3. 58 ﬁ. The
intensity of higher order reflections, 003 and 004, was less than ;)ne-tenth
of the 001. The peak positions were not shifted upon glycolation, and heating
at 450o C caused some decrease in the peak intensity. Upon heating to 600° C
all basal reflections disappeared, indicating complete structural decomposi-
tion. Warm acid treatment did not affect the kaolinite structure.

Differentiations of kaolinite in the presence of chlorite minerals were
obtained by the 003 chlorite peak .a.t about 4.7 K. Where the third order chlor-
ite peak was absent or weak, as in iron-rich chlorite, acid treatment and
slow scanning (1/4O 2 theta/min. ) were sufficient for the identification.

The kaolinite was more abundant in the less than 2 micron than in the
0.5 micron fraction. The kaolinite was judged to be well crystallized because
diffraction peaks were intense and sharp and remained unchanged after heat

treatment to 4500 G,
Quantification of Clay Mineral Mixtures

In dealing with large number of samples, some kind of quantitative
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technique is needed for comparative purposes. In the determination of the
relative amounts from X-ray diagrams, difficulties arise becauée of differ-
ences in mass absorption coefficients of the component minerals (Carroll,
1970), variations in structural and chemical composition, sample prepara-
tion, orientation, crystallinity, and even the differences in the methods used.
Various techniques for the quantitative estimation have been reported.

Johns and others (1954) provided the basis for many of the semi-
Quantitative methods reported later. Their method depends on peak height
-intensities on rglycolated, untreated, and heated (4500 C) samples. 'l;‘he rela-
tive valges of montmorillonite and illite were obtained by comparing 17 X. k
peak intensity and multiplying the 10 ;: intensity by a factor of 4. Th-e amouﬁt
of chlorite was estimated by subtracting heated 7 R intensity from that of un-
treated sample on the basis that no kaolinite loses its diffraction by heating
at 4500 C for 45 minutes while sedimentary chlorite may lose 7 K reflection )
depending on the composition and crystallinity.

Keller and Richard (1967) adopted a factor of 3 for comparing r;nont—
morillonite and illite, using the peak area method. Biscaye (1965), using a
method similar to that of Johns and others (1954), weighted the peak area for
quantitative estimation. He assigned the area of the 17 X glycolated peak for
montmorillonite, four times the 10 z: peak for illite and twice thé 7 K area
for chlorite and kaolinite.

Recently, Neiheisel and Weaver (1967) discussed their method in

o o o
which the number of chart paper squares under 17 A, 10 A, and 7 A peak
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EXPLANATION OF PLATE VI

Untreated X-ray diagrams showing major lateral clay mineral
assemblages in Havensville Shale. Samples from Pawnee and Cowley
Counties are rich in mixed-layer illite, montmorillonite, and kaolinite,
while more illite, swelling chlorite, and discrete chlorite were found

in northern part of Kansas.

SC: Mixed-layer swelling chlorite
M: Montmorillonite
1-M: Illite -montmorillonite

I: Illite
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EXPLANATION OF PLATE VII

X-ray diffraction patterns of sample WGC from Pawnee County,
Oklahoma. Presence of kaolinite, illite, illite-montmorillonite, and |
swelling chlorite was confirmed.

The coarse-sized nature of kaolinite can be seen by comparing

<2M and <0. 5M fraction. Illite-montmorillonite is somewhat more

abundant in <0.5 M size.
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EXPLANATION OF PLATE VIII

X-ray diffraction patterns of sample Hp-6 from Pottawatomie
County, Kansas. Illite, mixed-layer chlorite and slrna.ll amount of chlorite
were present. Ca-saturation confirmed the prese.nce of vermiculite-like
expandable layer in the mixed-layer chlorite. Heating at 6000 C revealed
the first order reflection at 23.8 .g.

Potassium saturation contracted more than half of 002 reflection,
leaving chlorite layers at 14 X. Regular interstratification was assumed

for the mixed-layer chlorite.
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were used for relative percentages of montmorillonite, illite, and kaolinite.

o o
They used the 10 A measurement as a direct proportion, whereas the 17 A
measure was divided by two for montmorillonite and 7 .t'(;: divided by 2 for
kaolinite. Dividing factor of 2 was used on the ground that kaolinite had poor
crystallinity and most montmorillonite contained minor amount of montmorill-

P,

onite. ‘iﬂ

It was shown by Pierce and Siegel (1969) that the use of peak height
intensities greatly lowers the relative amount of montmorillonite and the
peak area method was recommended for this reason. It was also noted that,
although currently used methods differ from one another and give significant-
ly different results, internally consistent results can be obtained for compara-
tive purposes if the same laboratory technigques and the same diffraction
methods were used.

: o o o o

For the present study, peak areas of 17 A, 15 A, 10 A, and 7 A
(multiplied by 2) were measured from the glycolated pattern as a direct
measure due to the uncertainties in the diffraction potential of mixed-layer
clay minerals. Area of illite-montmorillonite was measured by superimpos-
ing glycolated and untreated diffractograms.

Many variables, affecting the quantitative estimation of clay minerals,
were reduced to a minimum by adhereing to the same method in preparation
of the samples, slide mounting, and the techniques of obtaining X-ray diffrac-
tograms. For comparison of a large number of samples, any suitable method,

although at best semi-quantitative, may be used after proper identifications

of clay mineral components are obtained.
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Polytypism of Clay Minerals

One-dimensional polytypism in layer silicates occurs because the
atomic arrangement in the subcell has monoclinic or triclinic symmetry,
whereas symmetry of the surface of the subcell is hexagonal or pseudo-
hexagonal formed by basal oxygens in the tetrahedral sheet (Smith and Yoder,
1956).

Smith and Yoder (1956) configurated six possible polymorphs of mica
on the basis of different ways of stacking two adjacent layers. Only the 1M,
2M, ZMZ’ and 3T polytypes are observed in nature. Detailed mechanism of
polymorphic formation was also described by Bailey (1967).

Polytypism in mica minerals bears special importance in clay miner-
alogy. Earlier, Yoder and Eugster (1955) synthesized one-layer monoclinic
disordered {1 Md), one-layer monoclinic (1 M), and two-layer monoclinic
(2 M) muscovite polytypes from K,O0- Al,0,-5i0,-H,0 system and found the ’
conversion of 1 Md-1M—»2M during progressive increase of temperature.
They believed that 1 Md and 1M polymorphs are metastable or stable only at
low temperatures (below 250° C) and transformation to 2M polymorph occurs
at higher temperature. Their experiments were later confirmed by Velde
(1965) who found the sequence of polymorphic transformation with an increase
of either time, temperature, or pressure. He also concluded that 2M is the
only stable polymorph of ideal muscovite and 1 Md or 1M are, if present,
either metastable muscovite or other micas with a composition differeing

from muscovite, i.e., glauconite, celadonite, illite,
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There is now considerable‘interest among sedimentary petrologists
and mineralogists in determining the polymorphic forms of micaceous min-
erals as a basis for differentiating between the low-temperature, diagenetic,
and high-temperature, detrital minerals (Weaver, 1958a; Velde and Hower,
1963; Hower and Mowatt, 1966). However, the temperature range, in which
the.polytypes are metastable or stable, are so wide that their use as a geo-
thermometer is questionable.

identificatibn of illite polytypes depends solely on the random powder
method, Yoder and Eugster (1955) gave X-ray powder data for different poly-
murphic forms of mica. According to their data, although many overlaps in
peak positions commonly occur among the polymorphs, the critical region
for differentiation lies in the ra,ﬁge of 20 degrees to 36 degrees 2 theta with
Ca K alpha radiation. Characteristic 2M peaks with no other interfering re-
: o o o o
flections are 4.29 A (111), 3.89 A (113), 3.74 A (023), and 3.50 A (114); 1M
has 3. 66 K (112) and 3. 07 K (112); 1Md also has characteristic peaks but all J
of them interfere with other reflections.

A semi-quantitative method for estimation of the relative abundances
of the polymorphs is possible only when interference from other clay and
non-clay minerals is eliminated by proper acid treatment. Velde and Hower
(1963) observed that amount of 2M increased as the intensity ratio of 3. 74 Pc:
{023) and 2. 58 AO (130) (200) increased. Reynolds (1963) also reported that
the area ratio between 3, 00 ﬁ? and Z. 58 ...ﬁ(: peak reasonably approximates the
abundance of 2M in the absence of other interfering reflections, although

absolute significance is lacking.
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In the present study, for practical purposes, powdered samples were
pretreated with 6N HC1 in order to eliminate chloritic minerals and carbon-
ates. The intensities of 2.58 Pox and 3. 00 zg were measured directly from
diffractograms. The latter reflection was attributed seolely to 2M, while
2.58 X was assigned to combined 1 Md, 1M, and 2M. Then the presence of

0
1M polytype was checked by 3. 66 A reflection.
Crystallinity Index

A measure of crystallinity was found to be a useful parameter to
characterize illites in different localities. The half-peak-width/peak-height
ratio of the illite 001 reflection was not suitable to measure because some of
the samples had superimposed peak of montmorillonite 002 reflection at high-
angle side of illite 001 on glycolated diffractograms, thus broadening the width
of the.illite reflection. Instead, the.height of the peak above the background
and the depth of the valley on the low-angle side of the illite 001 reflection
were measured from the glycolated diffractograms, and the ratio was calcu-

lated for an approximation of crystallinity (Biscaye, 1965).
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EXPLANATION OF PLATE IX

Vertical variations in clay minerals of the Havensville Shale in
Geary and Pottawatomie Counties, Kansas. Samples show monotonous
sequence of illite, mixed-layer chlorite, with minor amount of chlorite.

Mixed-layer chlorite has some regularity in interstratification.

I: Illite

I-M: Illite -montmorillonite
MC: Mixed-layer chlorite
C: Chlorite

M: Montmorillonite
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EXPLANATION OF PLATE X

Vertical variations in clay mineralogy of the Havensville Shale
in Chase and Cowley Counties, Kansas.

An abrupt increase of chlorite is seen in the upper part of the
Havensville Shale and in the Schroyer Limestone, Relative amount of
montmorillonite is significantly less in algal limestones at Cowley

County, compared to adjacent shale units.



PLATE X

COWLEY co.

CHASE CO.

i—
|

L
YA

m[(




57



EXPLANATION OF PLATE XI

« uVertical variations in clay minerals of the Havensville Shale in
Butler and %’éwnee Counties, Kansas.
Kaolinite tends to be more abundant in sandstones and sandy
limestones. Where cyclic sedimentation is evident, variations are

observed only in relative amounts.
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RESULTS AND DISCUSSIONS OF X-RAY DIFFRACTION DATA
Vertical Distribution of Clay Minerals

Pawnee Co., Oklahoma. The clay mineralogy of the Wreford Forma-

tion at Pawnee County was characterized by an abundance of kaolinite. Red
shale, fine argillaceous sandstone“, and arenaceous limestone, in ascending
order, are the common rock types in this area. Average clay mineral con-
tents were 54 percent kaolinite, 21 percent illite~montmorillonite, 13 percent
mixed-layer chlorite, 11 percent illite, and a trace amount of chlorite.

Plate XI shows this vertical distribution of clay minerals and their relations
to lithology.

Kaolinite in the sandy limestone averaged 70 percent while underlying
sandstone contained 54 percent. Least amount of kaolinite was in the lower
red shale, averaging 36 percent. The trend was reversed with the amount of
illite-montmorillonite: more porous sandstone units, containing more kaolin-
ite, contained lesser amount of illite-montmorillonite than in compact shale.
There was no apparent control of lithology on the distribution of illite and
mixed-layer chllerite.

The mean 001/002 intensity ratio of illites in this area was 2.0 and
their crystallinity index 1.2. Illite polytype was dominantly 1 Md, averaging
85 percent.

Cowley Co., Kansas. Abundant montmorillonite was at this locality

where calcareous shale and algal limestone comprise the major lithology.
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Average montmorillonite content was 60 percent followed by 27 percent illite
and 11 percent illite-montmorillonite. Only a trace of mixed-layer chlorite
was present. In most cases, the prominent first order montmorillonite peak
masked the illite-montmorillonite and mixed-layer chlorite.

The hard algal limestone in the middle of the section contained signi-
ficantly more illite than the underlying and overlying calcareous shales. The
abundance ratio was about 3:1. Montmorillonite had a reversed trend accord-
ingly, averaging 30 percent in the limestone and 67 percent in shale units.
Illite -montmorillonites, being totally absent in the upper shale unit, were
primarily in the lower shale unit with a trace in the overlying middle lime-
stone unit. Mixed-layer chlorite is only in the lower shales.

The illite polytype was dominantly 1 Md, averaging 78 percent. The
001/002 ratio of illite ranged from 1.7 to 2.4. The high proportion of 1 Md
and low 001/002 ratio may have resulted from interfering., since montmorill-
onite was not destroyed completely by 6N acid treatment. However, judging
from its low mean crystallinity index of 1. 5, illite was believed to be highly
disordered and contains considerable amount of expanded layers.

~ Butler Co., Kansas. Illite and mixed-layer chlorite averaged 40 and

34 percent, respectively, with a significant quantity of illite-montmorillonite
in the lower part of the section. Lithologic associations of major clay miner-
als was not found between the dominant shales and interbedded argillaceous
limestones. The crystallinity and 001/002 ratio, averaging 2.6, increased
somewhat as compared to two southern localities. The dominant illite poly-

type was 1 Md with mean content of 75 percent.
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Mixed-layer chlorite showed weak resistance to heating, especially
the samples from basal units of the section where are minor amounts of

montmorillonite,

Chase Co., Kansas. The Havensville Shale in Chase County is the

thinnest of all the localities investigated. Only 18 inches of thickness was
assigned to Havensville Shale with no interbedded limestones.

Nevertheless, some vertical variation was observed mainly due to
different percentages of discrete chlorite. The overlying Schroyer Lime-
stone and upper part of the Havensville Shale contained more discrete chlor-
ite, ranging from 17 to 28 percent, than the lower part of the Havensville
Shale where mean chlorite content was 11 percent. This type of chlorite
could not be defined well because the first order reflection was usually masked
by an adjacent mixed-layer chlorite peak. By comparing the second and third
order intensities after glycolation and by acid treatment, this species was
identified as a common Fe-chlorite.

Illite content averaged 37 percent with mean 001/002 ratio 3.1 and a
mean crystallinity index 1.12. At this locality, the increase in the crystal-
linity index was paralleled by the increase in 2 M content, ranging from 30 to
60 percent.

Mixed-layer chlorite showed uniform vertical distribution, ranging
from 25 to 31 percent, but onlly a trace was observed in the overlying Schroyer

Limestone, The mixed-layer chlorite was fairly resistant to heating at 450°C.,

Geary Co., Kansas. A maximum thickness of 21 feet was assigned
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to Havensville Shale at Geary County where gray shale and mudstone are the
major lithology with a few interbedded argillaceous limestones.

Major clay minerals and their mean proportions are: Illite 46 percent
regularly interstratified chlorite-vermiculite 37 percent, and illite -montmor-
illonite 10 percent. Small amount of chlorite, generally less than 10 percent,
were present in most samples of the section. The relative amount of illite
increased toward the middle part of the section without any lithologic prefer-
ence. The vertical trend is shown in Plate IX.

Relative proportion of 2M illite ranged 38 to 68 percent. The average
001/002 ratio and crystallinity index were 2.9 and 1. 18, respectively. These
parameters were not particularly related to vertical lithologic change.

Pottawatomie Co., Kansas. Variety and quantity of clay minerals at

this locality were very similar to that of adjacent Geary County samples.
Illite had a homogeneous distribution throughout the section without
significant lithologic control and averaging 42 percent. Regularly interstrati-
fied chlorite-vermiculite ranged from 40 to 50 percent, but, at the contact
with the overlying Schroyer Limestone, only 18 percent was present. Instead
of reduced chlorite-vermiculite, somewhat increased quantities of discrete
chlorite as well as small quantities of montmorillonite were present.
Illite-montmorillonite averaged 12 percent and is more abundant in
the lower part of the section than inr the middle and upper part. As in Geary
County samples, no correlation between lithology and the clay mineral assem-

blage was observed, except for the small amount of montmorillonite at the
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top of the section where deeply weathered yellowish shale was exposed.
Illite 001/002 ratio and crystallinity index were also similar to Geary
County's averaging 2.8 and 1. 16, respectively. The 2M polytype contents

ranged from 33 to 55 percent.
Analyses of Variance

The results of analyses of variance and calculation of Least Significant
Differences (Fryer, 1968) are given in Table 4.

Two-way analyses of variance showed significantly different quantities
of illite, illite-montmorillonite and mixed-layer chlorite in their lateral as-
semblages. Vertical variations for combined sampie localities were not sig-
nificant at 5 percent critical level. Fisher's L.S.D. indicated that illite con-
tent in Pottawatomie, Chase, Geary, and Butler Counties were more or less
the same whereas Cowley and Pawnee Counties contained significantly lesser
amounts. Geary a.nﬂ Pottawatomie samples contained considerably smaller
amounts of illite-montmorillonite compared to the rest of the localities.

The real value of statistical analyses on these clay mineral data can-
not be fully assessed, since an investigator frequently deals with biased geo-

logic samples and there always exist possible errors by different investigators.
Lateral Distribution of Clay Minerals

Illite. The relative quantity of illite increased northward from 13 per-

cent in Pawnee County, Oklahoma to 40 percent in Butler County, Kansas.

The northern localities of the area of investigation, which include Chase,
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TABLE 3

Relative percentages of clay minerals based on peak area
measurements from glycolated patterns.

Sample Locality Illite- Mixed-layer Montmor-
and Number Kaolinite Illite Mont. Chlorite Chlorite illonite
Pawnee Co., Okla.
wW-5 88 7 t. tr. 5 -
w-4 58 7 27 7 tr. -
w-3 51 15 17 18 tr. -
W-2 30 16 29 25 tr. -
w-1 53 16 17 15 - -
WGC 42 11 33 14 - -
Cowley Co., Kans.
HC-7 - 16 1. tr. - 84
HC-6 - 14 tr. - - 86
HC-4 - 69 tr. - - 31
HC-2 - 17 29 - - 54
HC-1 - 17 26 12 - 45
Butler Co., Kans.
HB-7 - 26 25 49 - -
HB-6 - 41 13 46 - -
HB-5 - 38 23 39 - -
HB-4 - 49 25 26 - tr.
HB-1 - 47 20 21 - 11
Chase Co., Kans,
Sch - 41 20 - 28 11
HCH-5 - 37 19 27 17 -
HCH-4 - 35 23 25 : 17 -
HCH-3 - 38 25 26 10 -
HCH-2 - 33 29 26 12 -
HCH-1 1 38 19 31 12 -
Geary Co., Kans.
HG-21 - 41 10 44 5 -
HG-18 - 57 17 21 5 -
HG-17 - 54 7 34 5 -
HG-15 - 56 11 26 7 -
HG-12 - 58 13 23 6 -
HG-11 - 51 13 26 10 -
HG-6 - 38 11 42 9 -
HG-4 - 37 7 50 6 -
HG-3 - 31 4 60 5 -
HG-1 - 32 6 48 14 -
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TABLE 3 (Continued)

Sample Locality Illite- Mixed-layer Montmor-
and Number Kaolinite Illite Mont. Chlorite Chlorite illonite

Pottawatomie Co., Kans.
HP-14 - 51 10 18 12 9
HP-12 - 38 9 40 10 3
HP-10 - 40 8 43 9 tr.
HP-9 - 33 7 52 8 =
HP-8 - 37 8 46 9 =
HP-6 - 39 4 48 9 -
HP-5 - 37 6 48 9 -
HP-4 - 42 17 33 8 -
HP-3 - 33 19 40 8 -
HP-1 - 32 18 44 6 -




TABLE 4

Analyses of variance tables for component clay minerals.

——==

Sum of Square D.F. Mean Square F-Test
Illite:
Total 5, 553 24 ;
Locality 2,697 4 674 4.55"
Position 490 4 123 0.8
Error - 2, 366 16 148
Locality L.S5.D. 0.05 = 13.4%

Illite -Montmorillonite:

Total 995 19

Locality 494 3 165 6.3"
Position 194 4 49 1.9
Error 307 12 26

Locality L.S.D. 0.05 = 5. 7%:

Mixed-layer Chlorite: .

Total 2, 509 19 2
Locality 1,292 3 427 B,.3
Position 246 4 62 0.8
Error 971 12 81

Locality L.S.D. 0.05 = 10.13%

®
Equality of variance was tested by Hartley's method (Fryer, 1966).



TABLE 5

Relative amounts of illite polytypes in less than 2 micron fraction.

Sample Number 2M Percent 1 Md Percent
W-2 17 83
WGC 13 87
HC-7 12 88
HC-6 13 87
HC-4 33 67
HC-2 . 34 66
HC-1 15 85
HB-7 27 73
HB-6 ' 25 75
HB-5 26 74
HB-4 23 17
HB-1 30 70
HCH-5 36 64
HCH-4 33 : 67
HCH-3 63 37
HCH-2 40 60
HCH-1 39 61
HG-21 38 62
HG-15 68 32
HG-12 54 46
HP-14 55 45
HP-12 33 67
HP-10 48 52
HP-8 33 67
HP-6 38 62
HP-4 38 62
HP-3 38 62

HP-1 47 53
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TABLE 6

Intensity ratios of 001/002 and crystallinity indices,
measured from glycolated pattern.

Sample Illite Mixed-layer Chlorite
Number 001/002 Crystallinity 001/002 Crystallinity
W-5 2.6 1.1 - =
w-4 2.0 1.2 - 2.6
w-3 1: 56 1.2 - 1.4
Ww-2 2.1 1.2 - 1.1
w-1. 2.3 1.1 - ) S
WGC 2.0 1.1 - 1.25
HC-7 2.0 1.3 - -
HC-6 1.9 1.4 - -
HC-4 1,7 2.0 - -
HC-2 1.8 1.3 - -
HC-1 2.4 1.3 - -
HB-7 2.4 1.3 6.4 1.2
HB-6 2:3 1.4 6.3 1.2
HB-5 2.9 1.2 5.7 1,3
HB -4 2.7 1.2 4.0 1.5
HB-1 2.8 1.2 6.1 3.1
SCH 3.6 1:1 1:1 2.2
HCH-5 3.4 L2 & 3 1.3
HCH-4 3.0 L 1 5.7 1.5
HCH-3 3.1 1.1 2.5 1.4
HCH-2 2.7 1.1 6.5 1.4
HCH-1 50 1ad 4,3 1.3
HG-21 3.0 1.4 3. B 1.2
HG-18 2.6 1.2 2.7 1.4
HG-17 3.5 1.1 4.4 1.4
HG-15 3.8 1.1 3.0 1.4
HG-12 3.1 1.1 3.6 1.6
HG-11 3.4 L. 2 3.3 1,5
HG-6 2.1 1.3 8.5 1.3
HG-4 2.3 1.2 3.6 1.2
HG-3 Ze¥ | 4.1 12
HG-1 2,3 1.1 3.2 1.1
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TABLE 6. (Continued)

Sample Illite Mixed-layer Chlorite
Number 001/002 Crystallinity 001/002 Crystallinity
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TABLE 7

Relative amount of non-clay minerals in 62 micron fraction.
(By peak height measurements)

Sample
Number Calcite Dolomite Quartz Feldspar
W-4 7 - 83 10
W-3 - - 86 14
WGC 6 - - 81 13
HC-7 87 - 13 -
HC-6 89 - 11 -
HC-4 87 - 13 -
- HC-2 87 - 12 -
HC-1 87 - 11 2
HB-7 cy) tr. 8 1
HB-6 21 - 8 1
HB-5 94 - 6 i 8
HB-4 88 1 10 2
HB-1 88 ) - 10 2
SCH 36 58 B i
HCH-5 33 59 7 1
HCH-4 10 78 9 3
HCH-3 9 78 10 3
HCH-2 1 86 10 3
HCH-1 13 7 8 2
HP-14 11 4 61 19
HP-12 9 b3 30 8
HP-10 4 27 64 5
HP-8 11 7 77 5
HP-6 32 13 39 17
HP-5 85 o 10 5
HP-3 36 2 54

HP-1 48 tr. 40 11
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EXPLANATION OF PLATE XII

Lateral variations of clay mineral assemblage in Havensville
Shale from northern Qklahoma to northern Kansas. Inferred distribu-

tion of clay minerals are expressed in relative amount.
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Geary, and Pottawatomie Counties contained a higher illite content than the
southern provinces. Plate XII shows the relative distribution of illites for
the area investigated.

It is shown in the Plates IX, X, and XI that there is no apparent con-
trol of lithologic association in determining the relative distribution of illites.
Nevertheless, it is significant that the two localities in the southern province
has considerably smaller quantities of illite in comparison to the areas to the
north. Whether the relative distribution of illites is a result of the strong
influence of source area or areas or the strong influence of the environments
of deposition, including diagenesis, cannot be known fully until all parameters
are considered,

Polytypism of illite is a commonly used criterion in the genetic con-
sideration of clay minerals. The analytical data for the illites are given in
Ta.blé 5. The illites of Pawnee and Cowley Counties were primarily 1 Md with
a small amount of 2M, the average content of 2M being 21 percent.

More abundant illite-montmorillonite and montmorillonite may have
caused an apparent increase in 1 Md illite because they were present in acid-
treated random powders and they have structures similar to 1 Md illite. How-
ever, a low 2M content of illites was evident as many of the samples indicated
no X-ray reflections in the range of 20 to 25 degrees two theta, a character-
istic used in their identification. The 2M illites, averaging 26 percent, in-
creased slightly in Butler County, whereas to the north in Chase, Geary, and
Pottawatomie Counties, the quantities of 2M illite were as high as 40 to 50

percent,
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The apparent increase in 2M content northward can be explained as
either due to a possible conversion of 1 Md to 2M or due to a higher influx of
2M illite from other source area(s). It has been suggested that low-tempera-
ture metamorphism and/or deep-burial could facilitate the conversion of 1 Md
to 2M (Velde and Hower, 1963; Hower and Mowatt, 1966; Maxwell and Hower,
1967; Segonzac, 1970).

Due to lack of any discernible evidences for differences in metamor-
phism and burial for the two extreme areas in the north and south, it can be
suggested that such mechanisms were inoperative. Adsorption of K+ in de-
graded micas may also account for the conversion of 1 Md to 2M (Weaver,
1958b; Velde and Hower, 1963). Whether this process was responsible for
the apparent increase in 2ZM content cannot be evaluated properly. It seems
unlikely that the presumed differences in the environments of deposition, with
shallow water to the south becoming deep water northward (Hattin, 1957),
could account for the different K.+ -uptake of the 1 Md illites, causing an in-
crease in 2M content.

The K+-fixation during diagenesis is possible if there could be a re-
lease of K from K+—bearing phases such as feldspars (Reynolds, 1963).
However, there is no evidence to substantiate this mechanism.

Should the distribution of 2M content be controlled by the influence of
the source area, then, at least, these 2M components should be regarded as
detrital in origin, Therefore, a chemical and mineralogical investigation of

the illites would be of great importance in the evaluation of the effect of source
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area(s) for the resultant assemblages. In the discussion to be followed,
there appears tc be significant quantities of evidence in favor of the influence
of the source area(s). The relative amount of 2ZM polytype has a good linear
relation with that of illite-montmorillonite as shown in Fig. 1 of Plate XIIIL.
The trend will be discussed later with combined K/Rb data.

Other properties measured in illites are 001/002 X-ray intensity
ratios and crystallinity indices. The result of 001/002 measurements showed
the ratio of 1.9 to 2. 0 in Pawnee and Cowley Counties and 2, 7 to 3.1 in the
rest of the localities to the north. The value of this ratio may be useful to
distinguish between aluminous and magnesian illites, because the intensities
of X-ray reflections are related to the atomic scattering factors of the ions in
the mineral structure. Fine-grained muscovi;:e has a strong 002 reflection,
whereas fine-grained biotite shows a weak 002 intensity (Weaver, 1958a),
thus gbiving distinguishable 001/002 ratios. Thereforé, Mg or Fe substitutions
in the illite octahedra may result in different X-ray intensities for 001 and 002
reflections. Then the differences observed in 001/002 ratios in this study are
either an indication of different source areas in terms of illite composition or
an indication of transformation in which substitution of Mg+2 for A1+3 gradual-
ly occurred with consequent fixation of inter-layer potassium in different en-
vironments of deposition.

It has to be emphasized, however, that the possible effect of different
source areas was more important for illite than minor structural changes in

depositional environments, considering the consistent differences in relative
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amount, 2M proportio‘n, and again 001/002 ratios between the two sample
groups in the north and south. The boundary for the different source areas
may be drawn between Butler and Cowley Counties, where the shallow Green-
wood Shoal (Imbrie and others, 1959) possibly existed during the Early Per-
mian.

A possibility of structural chaﬁge is inferred from Fig. 2 of Plate
XIII where a good relationship between crystallinity and 001/002 ratio is
shown. Crystallinity in illite is related to expanded layers and 001/002 ratio
is related to substitutions in octahedral layer and also to inter-layer potassi-
um. Then the relation shown in the Figure 2, although drawn with only 5
average values, implies that structural changes other than cation adsorption
may have happened in the clay structure with the formation of better crystal-
line illite.

Y
Illite-Montmorillonite. Illite-montmorillonite occurs as a random

interstratification in most of the samples. For air-dried, untreated samples,
the diffractometer patterns showed at least two different modes of occurrence:
a rather strong peak at 11 K for the Pawnee County samples, and a diffuse and
broad peak at tﬁe low angle side of 10 X illite reflection for other areas. The
relative amount of the mixed-layer in Pawnee, Cowley, Butler, and Chase
samples was nearly uniform, averaging 20 percent, whereas samples from
Geary and Pottawatomie Counties contained only 10 percent.
Illite -montmorillonite in sedimentary rocks may be interpreted in two

possible ways: first, a weathered and potassium-deprived illite which was
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EXPLANATION OF PLATE XIII

Fig. 1. A plot of percent 2M illite vs. percent of illite-
montmeorillonite. Increase of 2M amount is inferred with the decrease

of illite-montmorillonite.

Fig. 2. A plot of illite crystallinity indices vs. 001/002 ratios.
Average values are plotted for the two variables. The trend may
indicate some structural changes in the structure during the formation

of better crystalline illite.
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derived either from continental sources or from post-depositional weathering
of the sediment (this group contracts to original illite structure by potassium
adsorption (Weaver, 1958b}); the other is an authigenic formation of low-tem-
perature 1 Md type illite-montmorillonite which could be formed in the stages-
of sedimentation and lithification. The disordered and expandable 1;1.yer may
be transformed into moré stable 2M illite in the sedimentary environment by
potassium fixation by increases in temperature and pressure and during dia-
genesis (Velde and Hower, 1963).

The relative abundance of illite-montmorillonite seemed to be con-
trolled by lithology in Pawnee County area, where the mixed-layer clay was
more abundant in shales than in the porous and permeable sandstones and
sandy limestones.

Recent studies on the alteration of micas have shown that the illite-
montmorillonite in marine sediments had originated from the muscovites of
igneous and metamorphic rocks. Hower and Mowatt (1966), however, re-
ported that illite-montmorillonites do not appear to be degraded, high-temp-
erature, dioctahedral micas, unless a drastic chemical alteration occurred
in basic structure during weathering. One common characteristic of the
illite-montmorillonites was that the structures contracted to 10 ﬁ upon potas-
sium saturation. Thus, most are a degraded form of illite, which were
derived from micas as suggested b.y Weaver (1958b).

A near constancy in the distribution of the illite-montmorillonite

mixed-layers and their general independence of lithology would prohibit an
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assumption that the environment played an important role in determining
their total assemblage. On the other hand, the structural contraction to 10 Ao
by potassium treatment would suggest that most illite -montmorillonites were
essentially degraded forms of illite, which were derived from the weathering
profile, and many seemingly were rejuvenated to illite in a normal marine
environment. The lithologic associations of the mixed-layer clay in the
Pawnee County samples may have re sulted from relatively close distance to
the source area and rapid sedimentation rate.

Montmorillonite. The trend indicates the abundance of montmorillon-

ite only in the Cowley County samples which are composed of very calcareous
shales and algal limestones. The average content was 60 percent at this loca-
tion, with the greatest quantity being in the shale. A very small amount of
montmorillonite, less than 10 percent, was also in the lower shale unit in
Butler County and at the top of the Havensville Shale in Chase and Pottawa-
tomie Counties. The overlying Séhroyer Limestone in northern Kansas seemed
to contain even more montmorillonite. An abundance of montmorillonite was
also reported in the Florena Shale (Imbrie and others,‘ 1959) and the Cotton-
wood Limestone (Stindl, 1966) in southern Kansas where the paleogeography
suggests the shallow Greenwood Shoal.

The highest montmorillonite content was in a locality which is also
considered to be an area of shallow marine environment. Montmorillonites,
when brought from a fresh water environment, are known to flocculate in a

marine environment. As the montmorillonites in the Havensville Shale have
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a small geographic distribution, being very much more abundant in the shal-
low marine facies of southern Kansas, it may be tempting to suggest that a
differential settling through flocculation occurred as the clays were brought
from a different source area than those from adjacent localities.

A few weathered sections in the upper part of the Havensville Shale
contained considerable amount of montmorillonite. The effect of weathering,
then, might have been an impoftant factor in producing montmorillonite.

The diagenetic effect on montmorillonite has been discussed by some
clay mineralogists (Burst, 1959, 1969; Muffler and White, 1969; Perry and
Hower, 1971). Their results generally showed progressive illitization by a
decrease in expandable layers through intermediate phases of illite-montmor-
illonites, although Weaver (1967b) interpreted this type of transformation as
a mere rejuvenation of the original phase.

Whether or not such a process was operative for the Havensville Shale
would be difficult to explain from the viewpoint of their distribution. It is
highly unlikely that the diagenetic environments were so greatly different, in
regard to burial, for the southern and northern areas that could account for
the nearly complete absence of montmorillonites in the northern areas. How-
ever, there remains a possibility that some montmorillonites were trans-
formed into mixed-layer illite -montmorillonite upon potassium adsorption
and into mixed-layer chlorite upon magnesium adsorption during diagenesis..

The low-charge of the montmorillonites, as revealed by potassium
treatment, may indicate that they were an alteration product of volcanic ash.

However, judging from their limited geographic occurrence, it seems unlikely
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that devitrification occurred during Havensville or post-Havensville time.

Mixed-layer Chlorite. Samples from Geary and Pottawatomie Coun-

ties contained dominantly regularly interstratified 1:1 chlorite-vermiculite
clay minerals, ranging from 30 to 40 percent, with traces of random mixed-
layers. All other localities contained random mixed-layers with the relative
amount being greater in Chase and Butler Counties than in southern Cowley
and Pawnee Counties. There were no distinct lithologic preferences of the
regular and random mixed-layers both in near-shore and off-shore facies,
However, the random mixed-layers from near-shore deposits generally
showed very weak resistance to thermal treatment, whereas the random
mixed-layers of the off-shore facies in dhase and Butler Counties were fair-
ly resistant.

The regularly interstratified phases may be formed in a high tempera-
ture and pressure hydrothermal environments (Iliyama and Roy, 1961) or as a
result of low-temperature mineral pa.ré.genesis in the depositional environ-
ment or very shortly after deposition (Peterson, 1962).

Because lithologies were not clearly related to the abundance of regu-
lar mixed-layer phases in the Havensville Shale, the chemical composition of
the sediments and/or the chemical factors in the depositional environment
could not have been important in the formation of the regular mixed-layers
in a equilibrium state, although dolomites were frequently associated with
the mixed-layers. Also, due to lack of evidence for either metamorphism or
deep burial, it cannot be suggested that the regular mixed-layer chlorites

were the products of either diagenesis or any post-depositional thermal events.
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It is presumed that the primary phases of the regular mixed-layers were
introduced as detrital minerals, possibly of hydrothermal or of metamorphic
origin.

The randomly mixed-layer chlorites could have been formed as the
result of weathering of chlorites (Weaver, 1958a; Whiting and Jackson, 1955)
or as the structural transformation of montmorillonites (Whitehouse and
Mc Carter, 1958; Powers, 1954, 1959; Russel, 1970). It is also possible
that the random mixed-layers were formed as equilibrium products in the
depositional environment (Peferson, 1962).

The possibility that the random mixed-layers are equilibrium products-
in a particular environment is ruled out because the mixed-layers were in
every locality, although different in relative amount, both in the near-shore
and the off-shore facies and because they were not related to any particular
lithology. Considering the dioctahedral st.ructure of the montmorillonites
and trioctahedral structure of the random mixed-layer chlorites, the possi-
bility of structural transformation is also exempted. Then the only possible
mechanism for the formation of the random mixed-layers is the degradation
effects on discrete chlorites by weathering at the source area(s) and/or at the
depositional sites due to subaerial exposure. The random mixed-layer chlor-
ites apparently received minor structural modifications in different environ-
ments of deposition, possibly as a form of Mg adsorption, as shown by their
increased thermal stability in the samples of Chase and Butler Counties as

compared to other southern samples. Powers (1954, 1959) also reported an
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increased thermal stability of the mixed-layer chlorites with an increase in
salinity of the depositional environment.

It is suggested, therefore, that the effect of different source areas
had an important role on the distribution of the two different types of mixed-
layer chlorites. On the other hand, the effects of weathering and different
environments of deposition affected the distribution of the random mixed-
layers.

Chlorite. Discrete chlorite was a minor coﬁstituent, mostly less
than 10 percent, in the samples of Geary, Pottawatomie, and Chase Counties.
Samples from the southern localities contained either a trace or no chlorite
at all. The chlorites were not resistant to moderate teat treatment. There
were no specific lithologic control on their distribution.

Chlorite is more abundant in the upper part of the Havensville Shale
and in the overlying Schroyer Limestone. The same trend was also found in
Crouse Limestone which is about 50 feet below the Havensville Shale. The
chlorite seemed to ble more abundant in the upper part of the Crouse Lime-
stone than in the lower parts of the unit. The discrete chlorites in the Crouse
Limestone and in the Havensville Shale generally revealed the same X-ray
characteristics.

The chlorites could have been introduced as a discrete phase or as a
result of rejuvenation by Mg adsorption on detrital mixed-layer chlorites.
Because the chlorite was not in the southern localities where the mixed-layer
chlorites do exist, the rejuvenation process could not have been so distilnct as

to form discrete chlorites in the northern area. Rather, it is presumed that
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different amounts of detrital chlorites were introduced according to the postu-
lated cyclic sedimentation patterns during the Early Permian (Moore, 1964).

Kaolinite., An abundance of kaolinite is in Pawnee County area, where
the lithology represents a near-shore facies. Kaoclinite was more common in
sandstone and sandy limestone than in shale, indicating a certain dependence
on the porosity and permeability of the host rock.

Kaolinite is characteristically common in fluviatile, lacustrine, and
near-shore environments (Grim, 1968), Its stability in normal open marine
environment, except in a few examples, has been questioned based on the re-
ported geological and geochemical evidence. Kaolinite is not a stable product
in an environment where the pH is high and the activities of potassium and
calcium are high (Grim, 1968; Millot, 1970), It is also known that kaolinite
has a tendency to flocculate upon entry into saline water (Beavers and Marshall,
1951; .Pryor and Glass, 1961; Whitehouse and others, 1960).

Whether the kaolinite in the Havensville Shale in Pawnee County is de-
trital has to be evaluated in terms of the-small geographic distribution and
lithologic preference. The Havensville kaolinite is associated with rocks of
supposed near-shore facies. Thus, from the viewpoint of its proximity to the
continent, it is possible that land derived kaolinite flocculated as it entered
the marine environment. Such a process would account for the detrital origin
of the kaolinite. |

Because the kaolinite is far more abundant in the rocks of sandy texture
than of silty to clayey textures, permeability and porosity might have been

important in its genesis. The kaolinite in the sandy facies is well-crystallized
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as is observed from the sharp and symmetrical (001) X-ray reflections.
Furthermore, the area of high kaolinite content is also the area of high
mixed-layer illite-montmorillonite to illite ratio, a situation where low
potassium activity was maintained. ”

Considering the lithologic preference and association with minerals
which have lost potassium, a non-detrital origin, possibly from a post-
depositional alteration of potassium-bearing minerals, for the kaolinite is

supported.
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EXPLANATION OF PLATE XIV

Fig. 1. A plot of Rb vs. K,0. Two distinct populations are seen;
samples from Pottawatomie and Butler Counties falled in the circle,
whereas samples from Cowley and Pawnee Counties revealed scattered
distribution. This is attributfed to different source effects of illite
group.

Fig. 2. A plot showing relative increase of illite 2M polytype
with the increase of K/Rb ratio. The plot is drawn for the representa-
tive samples of Pottawatomie, Butler, and Cowley Counties. 'Ihis may
indicate that disordered 1 Md structure was converted to 2M by potassium

fixation.
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RESULTS AND DISCUSSION OF K/Rb ANALYSES

Thirteen samples were analyzed for their KZO and Rb concentrations,
the data béing presented in Table 8. The mean K,0 and Rb concentrations
were 4,03 percent and 180 p.p.m., respectively, with a mean K/Rb ratio of
226, In a plot of K vs. Rb, as shown in the Fig. 1 of Plate XIV, two distinct
assemblages were indicated. The samples from Butler and Pottawatomie
Counties defined a very close K/Rb ratio and e;chibited a cluster of points in
the K vs, Rb plot, whereas the samples from southern localities were widely
scattered,

It is suggested, from the viewpoint of K/Rb ratios, that the illite in
the northern localities is unlike in origin from that of the southern localities.
If the illite had been detrital in origin, then the differencés in the K/Rb ratios
could be ascribed to diffgrences in the source areas.

Authigenic illite in equilibrium with sea water would be expected to
have a uniform K/Rb value. The extent of diagenetic effects were possibly not
so much different between the northern and southern regions as to account for
the differences in the present K/Rb ratios.

The differences in the K/Rb ratios for the illite is also in agreement
with the difference in 2M polytype, illite 001/002 ratios, and the relative per-
centages between the two regions. With this evidence in mind, it may be sug-
gested that the present difference in the K/Rb ratios of the illite from the two
separate regions in northern and southern Kansas is primarily the result of

the difference in the type of land-derived illite, although the role of post-
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depositional modifications cannot be totally ignored.

Fig. 2 of Plate XV shows that the relative amounts of 2M illite in-
creased with an increase of K/Rb ratio, i.e., with the increase of potassium
content, Although analytical data are not sufficient, the trend leaves a possi-
bility, combined with the relation drawn in the Fig. 1 of Plate XIII, that by
K fixation, at least part of the 2M illite was transformed from illite-mont-

movrillonite mixed-layers or from disordered detrital illite in the environ-

ment of deposition.



TABLE 8

Results of potassium-rubidium analyses.

Sample No. Wt. % KZO p.p.m. Rb K/Rb
HP-14 4,71 185 255
HP-10 4,73 182 260
HFP-5 4,91 188 262
HP-4 4, 80 222 216
HP-1 4,77 208 229
HB-7 4,41 190 232
HB-4 4,83 177 273
HB-1 4,82 '186 259
HC-7 3,06 174 176
HC-4 1.72 7 : 225
HC-1 3,37 171 197
WGC 3+ 25 242 135

W-2 2.99 137 218
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EXPLANATION OF PLATE XV

Isochron diagrams for the four sample groups from Havensville
Shale. The isochrons were drawn by the least squares method. Note
that the two parallel isochrons are drawn for the HP samples and for

the combined HB and HC samples. Although this is a statistical estima-

87 86

tion of the regressions, significantly different initial Sr /Sr ratios

are apparent.
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RESULTS AND DISCUSSION OF AGE DETERMINATION

Strontium isotopic measurements were made on 23 samples from four
sections of the Havensville Shale. The analytical data are presented in
Table 9.

All 51'87 /Sr86 values reported were corrected for fractionation by

8

assuming SrSE’/Sr8 = 0.1194. Isochron diagrams were drawn for four sam-

ple groups by plotting R‘be‘?/Sr86 ratios against their corresponding SrS?ISr86
ratios. The slopes and initial ratios were calculated by a least squares meth-

od. The ages were calculated from the slopes using the Rb37 decay constant

881,39 w1011 e, ",

The calculated ages for the Pottawatomie and Butler samples were

about 340 m.y. each with initial Sr ratios of 0. 717 and 0. 709, respec-

tively, whereas the Pawnee County samples yielded an age of 390 m.y. with

87/ 86

Sr~ " ratio of 0. 711. Cowley samples had an isochron age of

6

an initial St
300 m.y. with an initial Sr°//Sr®® ratio of 0. 714, As the Rb/Sr ratios of the
Cowley samples had a very limited range, for all practical purposes, their
individual age will not be considered in the discussion of the results.

The Rb-5r isotopic studies of the illites from the Havensville Shale
thus define at least two different ages: an age of approximately 390 m.y. for
the samples from the southernmost area of investigation and an age of 340 m.y.
for the samples from the northern localities. These ages appear to be too

high for the generally lower limit of 2707 10 m. y. for the Permian rocks.

These ages then reflect events which are undoubt edly older than the time of
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their sedimentation. In this regard, the illites should be considered detrital
in origin.

In addition, the high initial Sre"?/Sr86 ratios of the samples, in com-
parison to the Srg'?/Sr86 ratio of Permian sea with a value of approximately
0. 7080 (Brookins and others, 1969), strongly suggest that the illites had in-
herited radiogenic strontium at the time of the sedimentation, and, therefore,
they were detrital in origin. Furthermore, the differences in the two ages of
the illites from the northern and southern localities can possibly be attributed

to the differences in the source areas for these illites.



TABLE 9

Results of isotopic analyses on 23 samples from Havensville Shale.

S

Sample No. Rb/St 5:87/5:56 rb87 /580
WGC 2.2079 0. 7445 6. 414
W-4 1.0447 0, 7283 3. 028
W-3 0. 6092 0. 7209 1. 765
W-2 1. 4664 0. 7358 4.257
W-1 0. 9474 0. 7269 2.747
HE- 2.922 0. 7466 8. 491
HC-6 2,486 0. 7457 7,224
HC -4 0.998 0. 7257 2. 894
HC-2 2,489 0. 7444 7.231
HCxl 2,752 0. 7482 7. 998
HB -7 3,567 0. 7565 10.376
HB -6 4,029 0. 7659 11.733
HB-5 1.204 0. 7252 3. 450
HB -4 2. 671 0. 7455 7. 761
HB-1 1.982 0.7376 5. 755
HP-14 2. 964 0. 7568 8. 622
HP-12 3,143 0. 7600 9. 144
HP-10 3,129 0. 7606 9. 104
HP-8 3.307 0. 7600 9. 623
HP-5 3. 614 0. 7664 10. 523
HP -4 4,339 0.7753 12. 641
HP-3 4,183 0.7728 12.186
HP-1 3,793 0.7713 11.050
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SUMMARY AND CONCLUSION

l. Vertical variations in the clay mineralogy were not significant in
the Havensville Shale except in the near-shore facies. The minor vertical
changes in relative amounts of the same clay mineral suites were probably
controlled by the factors of cyclic sedimentation. Kaolinite was more abun-
dant in the porous and permeable sandstones than in associated shales, and
occurs only in the southern locality.

2. Lateral variations were found both in minei‘alogy and in relative
abundance, This was confirmed by a two-way analysis of variance.

Three major clay mineral assemblages were defined regionally:
illite and mixed-layer chlorites in the northern shale facies, montmorillonite
in the calcareous shale and the algal limestone facies, and kaolinite and
mixed-layer illite in the southern sandy facies.

3. Consistent differences were observed among illites in the relative
amount, 2M proportion, and 001/002 intensity ratios between tﬁe two sample
groups in the north and south, the boundary is arbitrarily drawn between
Butler and Cowley Counties. The differences are attributed to different
gource areas, although higher salinity and considerable distance to the source
area could have affected degraded detrital illites to a greater degree in the
north than in the southern regions.

4. Potassium-rubidium analyses revealed that illite in the Havens-
ville Shale has two distinct populations in terms of K/Rb ratios. Samples

from Butler and Pottawatomie Counties had nearly the same K/Rb ratios,
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whereas Pawnee and Cowley samples showed marked differences. It is inter-
preted that illites in central and northern Kansas had come from different
source area(s) with respect to the illites in Pawnee and Cowley Counties.

5. The detrital origin of the illites was also confirmed by Rb-Sr
isotopic analyses. The radiometric ages ranged from 390 m.y. to 300 m.y.
or from Devonian to Pennsylvanian time.

6. The dominant illite polytype was 1 Md in most samples. An in-
creased amount of the Z2M polytype was noticed with a relative decrease of
mixed-layer illite and with the increase in the K/Rb ratios. Different envir-
onments of deposition may have partly caused the conversion of detrital 1 Md
to 2M polytypes. Within the limit of present study, illite polytypism may not
be a definite criterion for genetic differentiation.

7. Illite-montmeorillonite inter-layers are believed to be degraded
forms of illite as shown by potassium treatment. Based on X-ray diffraction
patterns, lithologic associations in near-shore and off-shore facies, and also
on relative amount, most of them seemingly were rejuvenated to illite in a
normal marine environment.

8. The shallow depth at the Greenwood Shoal and the slightly alkaline
marine water may have caused the flocculation and preservati on of montmor-
illonite in southern Kansas. The post-depositional weathering effect of detri-
tal illites is also postulated for moﬁtmorillonite.

9. Both regularly and randomly interstratified chlorite-vermiculite
type clay minerals were found. The regular mixed-layers in northern Kansas

were probably derived from a different source area in contrast to the random
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mixed-layers in central and southern Kansas, The random mixed-layer
chlorites probably received minor structural modifications, as a form of Mg
adsorption, in a different environment of deposition, in view of their i_ncrea.sed
stability on heating in the samples from off-shore facies.

10. Minor percentages discrete chlorite were in the samples from
northern Kansas. The chlorite tended to be more abundant in the upper part
of the Havensville Shale and in the overlying Schroyer Limestone. Because
the same trend was also in other stratigraphic units, it is believed that differ-
ent amounts of detrital chlorites were introduced during the cyclic sedimenta-
tion of the Early Permian.

11. Kaolinite in Pawnee County is judged to be partly authigenic
because of its well-crystalline and coarse-sized nature. Porous and permea-
ble lithologies may have favored the crystal growth in a low pH environment.

12. It is concluded that most clay minerals in the Havensville Shale
were detrital in origin, and minor structural modifications occurred in differ-
ent environments of deposition, mainly as a form of cation adsorption or re-
juvenation of degraded clay minerals. The role of diagenesis on the origin
of the expandable clay minerals cannot be too significant because the clay
mineral assernblage is independent of lithology and the geographic area is
too small. Post-depositional weathering effects were seen in some of the

Pottawatomie and Cowley samples. The lateral distribution of the detrital

clay minerals was affected by the depositional environments.
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Samples of the Havensville Shale, collected from six localities in
Kansas and northern Oklahoma, were analyzed for determining regional diff-
erences in the clay mineral assemblages.

The major clay mineral assemblages were: (1) illite, mixed-layer
illite-montmorillonite, and mixed-layer chlorite in the shale facies of northern
and central Kansas, (2) rﬁontrnorillonite, illite, and mixed-layer illite-mont-
morillonite in the calcareous shale and algal limestone facies of southern
Kansas, and (3) kaolinite, illite and mixed-layer illite-montmorillonite in the
sandy facies of northern Oklahoma.

Regional differences were noted for the illite in terms of the relative
content, abundance of 2M polytype, and 001/002 intensity ratio. The differ-
ences were especially striking between the samples of northern and southern
localities. Two distinct propulations of the illite were further confirmed by
K/Rb data and Rb/Sr ages. These differences were attributed to detrital
origin of illite being derived from different sources.

It was concluded that most of the clay minerals in the Havensville Shale
were detrital in origin, and minor structural modifications occurred in differ-
ent environments of deposition, mainly as a form of cation adsorption or re-
juvenation of degraded clay minerals. The depositional environments of the

Havensville Shale influenced the lateral distribution of the detrital clay minerals.



