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ABSTHACT
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The objectives of this thesis are twofold; firstly, to conduct a
detailed geocnemical, mineralogical and petrolosical survey of the Upper
Pennsylvanian and Lower Permian Shales of Kansas, U.S.A., and to relate

the variation observed in the stravigraphic and tectonic framewerk of the

Mid-Continent during this period. Secondly, it was necessary to study the

instrumental techniques applied to fine-grained rocks, to develop
standardized procedures and where zppropriate to implement new techniques.
Six facies are developed in Kansas Shales - 2 sand and siltstone

facies and a brown clayey shzle facies, correszonding to deltzic sznds and
\

-

silts and prodeltaic marine rmuds respectively, a calcareous grey shaie
facies and a black shale facies, deposited in normezl marine and restricted
merine environments respectively, and two minor facies, a purple and red
shale facies and shale partings in Limestones. The first two facies
normally constitute the thick shale Formations (outside shales) serarating
Limestone Formations in which the second facies pair develop (inside-shales).
The facies distributions subdivide the stratigraphic segtion into five

zones -~ the Pleasanton and Lower Kansas City Groups (with cycles of marine
and deltaic shales) the Upper Kansas City, Lansing and Douglas Grouns, the
Shawvnee Group (containing cycles), the Yabaunsee Group and the Admire, Chase
and Council Grove Groups.

A combined standards rercression technigque was implemented forx
quantitative X-ray diffraction analysis of shale nineralogy. The smear
technique of XRD sample preparation was shown to be superior for
distinguishing between shele sammles although the pressed pellet and
menﬁraxe filter techninues (éevcloped in this thesis) wvere considered more
appropriate to this study. Tajor oxide and trace element concentrations
were determined by enission spectroscopy. Struétural sites of ions in
shales were estinated »y eleciron spin resonsnce. TFabrics of sheies were

% 1
examined by scamning electron microscopy and micromorphological techniques.
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1.

INTRODICTION

The Upper Carboniferous (Pennsylvanion) and Permien stratigraghy of
Kansas, U.S.A. has been extiensively stundied in the past 100 years
culminating in the develiopment of the revolutionary concept of cyclic
sedimentation by R.C. lMoore in the 1930's. From a detailed examination of
the lithology and palasontology of limestones in easternm Kansas, the
repetitive sequence of characteristic fossiliferoas limestones was
accounted for by cyclic changes in sadimentzry environments. Thisz concepe
has developed dramatically in the past fifteen yeers with zpplications %o
many different stratigraphical horizons and areas. For example cyclic
sediments have béen described from North America and Europe by Wellex (1956,
1958, 1964), Read (1961, 1965, 1967, 1969), Merrizm (1964), Duff, Haliam
and Walton (1967), Read and Dean (1967, 1968, 1972), Reyment ard Collinsoxn
(1971), Read and Merriam (1972), Mayers and Worsley (1973), and from
Australia by Johnson and Cook (1973). It is notable that although the
concept has been widely accepted by geologists as a true representation of
sedimentary processes, the original "ideal cyclic sequence" (¥oore, 19%6)}
is still being questioned.

Mbére's ideal cyclothem, representative of much of the Upper
Pennsylvanian snd Lower Permisn succession of Kansas (loore, 1936, 1949,
1950, 1959), contains ten lithological and palaepntological uniis
including six or more clastic units. Moore based this dyclothem on the
occurrence of characteristic limestones = & molluscan limestone, & fusilinid
limestone and an algal limestone. waéver, the intervening poorly exposed
shales have been studied only superficially and their mineralogy and
petrology is largely unknown. It is on this point that the two sexrious
alternatives to Moore's hypothesis seem to dwell (Davis and Cocke, 1972;
Schwarzacher, 1967, 1969). These concepts are based on a three-state

depositional system (limestone, thick, coarse, sandy and gilty shales, and




thin calcareous shales) which were developed from computer-orientated
statistical analyses of detailed lithological and stratigrapﬂical
investigations.,

As a further possibility, tectonic features of the Mid--Continent,
U.S.A., suggest the presence of four possible shale facies - & clastic
wedge lithglogy similar to Ferm's Appalachiean facies (FPerm, 1973) derived .
from the Ouachita Mountains of Arkansas and Texas; 2 deitaic sandsione and
siltstone facies derived from the lowlands to the ezast, northeast and
southeast of Kansas; a normal marine shale associated with fossiliferous
maxrine limestones; and a restricted marine black shale lithology.

in the 1igﬁt of the recent revival of interest in cyclic sedimentation,
it is most important that the confusion surrounding the "classic" cyclic
sequences of the Upper Pennsylvanian and Lower Permian of Kansas be
removed and an hypothesis based on the regional tectonic framework of the
U.S. Mid-Continent established to account for the stratigraphic réco:d
during this period.

The poor exposure and monotonous nature of Carboniferous end Permian
shales in Kansas has hindered previous attempts to differentiate shale
types in the field. The fine-grained nature of the shales has also
precluded optical microscopic investigations of mineralogy and petrology.
Instrumental techﬁiques have, however, provided considerable information
about the.geochemistry and mineralogy of fine~grained clastics (Van Moort,
1972, 19733 Reimer, 1972) and their use has proved to be especially
illuminating in the study of shales (Davis, 1967). Three techniques, in
particular, X-ray diffraction, providing details of the mineral composition
of shales (Chapter 3), emission spectroscopy providing trace elemen£
concentrations (Chapter 4) and electron spin resonance revealing the
structural positions of certain trace ionic constituents (Chapter 6), can
be used to examine the mineralogy and gecochemistry of the Carbonifercus and

Permian shales of Kansas.
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From raw geochemical snd mineralogical data, it may be impossible
to differentiate shale types manually. - However, with the aid of 2
computer, statistical anelyses of the geochemical and mineralogical data
can reveal major variations between rock samples (Joyce, 1973) and
consequently a classification of the shales can be prepared (Chapters 3,
5 end 7). To relate this classification to field identifications; it is
also necessary to develop petroclogical and lithological classification by
careful examination of thin sections and hand specimens (Chapter 8). Fabric
analysis using scanning electron microscopy can 2lso provi&e additional
ianformation for distinguishing shale types (Gillott, 1969).

éhe three classifications of the Upper Pennsylvanian and Lower
Permian shales of Kansas currently under examination can be compared with
the combined geochemical, mineralogical and petrological classification.
Any repetition of shale types based on the classification derived within
this thesis, can then be explained in terms of the stratigraphy, tectonicé ;

and palzeogeography of the Mid-Continent, U.S.A.

PURPOSE OF THE PRESENT RESEARCH ' °

This research project has a two-fold objective. 'The primaxry aim is
to make a detailed geochemical, mineralogical and petrolégical study of
the Upper Pennsylvanian and Lower Permian shales of Kansas and to relate
the variations observed to the stratigraphical and tectonic setting of
Kansas at that time. Secondly, in obtaining this information, it is

necessary to study the methods of instrumental analysis commonly used in

the study of fine-grained shales, to improve thé techniques by standardisation

of analytical pfocedures and, where necessary, to develop new techniques.
Mineralogical data on shales is readily obtained by X-rey diffraction

from whole rock samples. This technique has proved most effective in

previous studies of shale mineralogy and there is an extensive literature

on the advantages of the technigue. Quantitative analysis of shales has,
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however, proved unrelizble because of irregularities in laboratory :
conditions and equipment. Therefore, standardizetion of technigues,
instruments and conditions is necessary before detailed quantitative
analysis can be performed (Chapter 2).

Emission spectroscopy is relatively unknown to the sedimentologist
yet geochemists have used it widely (Celenk, 1972) to calculate major and -,
minor element geochemistry of rock samples. Although rather lqw accuracy
estimates of shale geochenmistry are produced, the information is sufficiently
definitive to statistically distinguish shale types (Chavter 4).

. Electron spin resonance, a technique new to sedimentology and
relativeiy unknovn in geology, was introduced to aid the classification and
geochemical interpretation of shales, The distribution of certain ions in
shele samples can be determined by ESR and related to their environment
of deposition.

The combination of complex instrumental methods and microscopic
technigues was designed to establish the nature of the shales with the
Upper Pennsylvanian and Lower Permian of Kansas, U.S.A. Hypotheses could
then be built to relate the geochemical, mineralogical arfd petrological
parameters to the regional setting and to provide an explanation for any

variations these parameters have within the stratigraphical section studied.
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INTRODICTION

The primzry objective of this thesis, as previously stated, was to
exanine in detail the Upper Pemnsylvanian and Lower Permien clastic
deposits and relzte the mineralogical, geochemical and petrological
variation observed to the stratigraphic and tectonic framework of the
period. Thiz chapter essentislly provides the background information upon
which the later chapters ars based.

A summary of the stratigraphy is presented, emphasising current
ideas about the clastic uedlments, in order to elucidate description of

stratlgraphlc varlataon in later chapters and to provzae the basis for tha

next sectlon in thls chapter;'cy01101ty of uhe sedlmcnts. Interpreued by
Moore (19%6) in terms of oscillating environmental conditions, sedimentery
cycles are recognised in the Upper Pennsylvanian and Lower Permian by the
occurrence of distinctive limestone lithoclogies. However, a number of
alternatives to Moore's original intérpretation have been proposed, based
on recognition of both characteristic clastic and non-clastic lithologies
(Schwarzacher, 1969; Davis and Cocke, 1972). Therefore, the discussion
of cyclic sedimentation presented, emphasises the probléms associated with
Moore's concepts and the current alternative hypotheses.

In recent years, a revival of interest in Jectonic control of
sedimentary cycles has been enhanced by modern %?eories of plate tectonicé
and sea-floor spreading. The introcduction of this new aspect of
sedimentology has produced another interpretation of the stratigraphic
column in Kansas. A full description of this application to Xansas geology
and the implications to this project are presented.

As this chapter provides essential, but also previously documented

information, it is considered unnecessary to present any conclusions herein.



STRATIGRAFH:

The Upper Pennsvlvanisn

The Upper Pennsylvenian outcrops in Mid--Continent Norfh America
from Iowa through Nebraska, lMissouri and Eastern Kansas to Oklahoma and
consists of approximaiely 650m. (2200 ft.) of alternating limestone and
shale Formations., The limestone Formations with included thin shales,
average 5-15m. in thickness and generally contain abundant mariné fo;sils
whereas the intervening shale Formations averaging 15~30 m., are ggnerally

poorly fossiliferous.

L o T At » - T

The Upper Pennsylvanian stratigraphical section (Fig. l.1) consists -
of 2 Stages =~ the Missourian and Virgilian. The Missourian'Stage lies
unconformably on the Desmoinesian Stage of the iddle Pennsylvanian, and
is subdivided into the Pleasanton, Kansas City and Lansing Groups.
Conformably overlying the Lansing are the Douglas, Shawnee and Wabaunsee
Groups of the Virgilian Stage.

At the base of the Missourian series of the Upper Pennsylvanian is
the Pleasanton Group, which is composed of410-45 m. of 8hale with some
sandstone, limestone and coal (Jewett et al., 1965). The irregular basal
Hepler Sandstone Member rests in channels and is overlain by the South
Mound Shale Member, the Checkerboard Limestone Formation and the Tacket
Formation. Shales are often rich in phosphate nodules (Runnels, 19493
Runnels et al., 1953; Rose and Hardy, 1967) and organic material (Jewett,
1940). Some lenticular sandstones are present in the Tacket Formstion and
are locally known as the Knobtown Sandstone and Charlton Conglomerate
(Branson, 1962b; Jewett et al., 1965).

The Kansas City Group lying above the Pleasanton Group is
characterised by six relatively thick,'persistent limestone Formations
separated by six shale Formations of variable thickness. Sandstones form

" a minor lithology in Northern Kansas but thicken considerably towards




Fig.1-1. STRATIGRAPHIC SUCCESSION IN KANSAS (After Zeller, 1968)
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Oklghoma {Schutze, 19%9), Hauny of the limestones zre algal, oolitic and
cross bedded, locally thickening to form carbonate buildups (Ball, 1961;
Merriem, 1963; Crowley, 1969; Hemblin, 1969; Heckel, 1972a, 1974).
Thin discontinuous coal beds occur in the middle of the Kansas City Gxoup
and several "paper-thin" black shales act as marker norizons, This Group
contains a number of limestones that wedge out in Southern Kensas e.g.

In Southern Allen County the Wyandotte Limestone pinches cut bringing thc
Bonner Springs Shale in contact with the Lane Shale to foxm a single
inseparable unit termed the Lane~Bonnér éprinés.Shaie (Merrian, 1965);
The Lene Shale has therefore been interpreted as & deltaic plaitform upon

which the Wyandotte Limestcne algzal benks of Zastern Kansas were formed.

.

{Crouley, 1968). Another deltaib clastic complex, the Bonner Spxrings
Shale, then covered this buildup. Similar algel reefs hzve been repcrted
in the underlying Iola (Heckel, 1969), Dennis (Frost, 1968, 1975), Swope
(Mossler, 1970, 1971, 1973; Scott, 1970), Cherryvale (Heckel, 1969) ard
Hertha (Heckel, 1969) Formations. Information on the intervening beds,
with the exception of the Chanute'Shale (Hall, 1961; Schutze, 1969) is
minimal, .

Conformably overlying the Kensas City Gxoup is the lLansing Group
consisting of two thick limestone Formations sepérated by one shale
Tormation. A%t the base, the Plattsburg limestone consists of 7 to 28 m.
of limestone and shale, thickening towesxrds the Ollzhoma border. Algal
buildups in the Platisburg Limestone of Southern Kansas has attracted much
attention as possible ¢il traps (Davis, 1959; Harbaugh, 1959, 1960, 1964,
1965). The Vilas Shale Formation (Kinell, 1962) varies in thickness and
lithology southwards, directly atiributable to the surrounding marine banks
(Harbaugh, 1959). It is generally a monotonoﬁs, umferruginous marine shale
but locally beds of sandstone and fossiliferous sandy limestones are
found (Zeller, 1968). The Lansing culminates with the Stanton Limestone

Formation consisting of three limestonre and two shale Members., The
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Formation's mosi distinct features ars the z2lgal buildups in the limestone
Members (Wilscn, 1957a; 1957b, 19623 Heckel, 1972e, 1972b, 1974) and

the Eudora black Shale Membex comprising approximately 1 m. of greyish-

lack fissile shale with phosphate nodules overlain by 1 m. to 2 m. of
calcareous green-grey end dark grey shale and is recognised beth in
subsurface and outcrop.

The Douglas Group (O'Commor, 1963) consists largely of coarse shales :

and siltstones with occasional inpersistent thin limestones and local
sendstone channels. A few thin coazls meke suitable marker horizons (e.z.

3

Sibley coalbeds). Beds in the group thicken from 80 m. (260 £t.) in

—

e T e T -

Northern Kinsas o 130 n. (420 Fis) on Fhe Kansas Uk it oaries b
precise identification of horizons is problematic as distinguishing gross
1lithologic2} characteristics are generally lacking and the Lower boundary
with the Lansing Group is often obscure (Ball, 1964). However, deltaic
sandstone channels have been mapped in this Group by Winchell (1957),
Sanders (1959) and Bower, (1961). The Lawrence Shale Formation (Uppex
Douglas Group) was thought by Moore (1936, 1950) to represent a transgressive
phaée of sediment deposition. Faunal evidence now indicates that 2
restricted, marine environment existed and that no change from marine to
non-marine can be inferred (Hakes, 1973). The Douglas Group is therefore
considered to be & non-marine phase separating the generally mexrine phases
of the Lansing and Shawnee Groups. g

The Shawnee Group consists of four Limestone Formations - Topeka,
Deer Creek, Lecompton and Oread Limestones ~ separated by thick shales and
siltstones. Coals and sandstones axe thin and of local cccurrence only,
e.g. the Elgin Sandsténe (Brown, 1966, 1967) is a deltaic distributary
complex that only outcrops in South-Central Kansas., The thick limestone
Formations have been extensively described by Brown (1956), Perkins et al.
{1962), Toomey (1964), Troell (1965, 1963), Galle and Waugh (1966) and

Griesemer (1972) in terms of marine depreitional environments, tut the
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intervening Kanvaka, Tecumseh and Calhoun Shale Formations are almost
unknown. Thin shales found in the limestone Formations (Rowell, 1973;

| Von Bitter, 19733 Brondos, 1974) are also poorly described with the
exception of the Heebner Shale (Evans, 1967), a pzper thin black shale
lying between the Leavenworth and Flattsburg Limestone lMembers. This is
a verf distinctive horizon and is consistently recognised both iﬁ outcrop
and boreholes (Kerriém, 1963). Evans (1967) and Heckel (1972a) have
related this charazcteristic black shale lithology to a restricted marine
basin environment with anoxic bottom conditions. Shales of this type are
recurrent features of the Kansas City, Shawnee and YWabaunsee Groups and
£ind extensive use as merker horizons (lMoore, 1936, 1949, 1950, 1957).

The Wabaunsee Group conformably overlies the Shawnee Group and
consists predominantly of shales and limestones with local sandstone
lenses and several thin but persistent coal beds - the Nodaway and Elma
coals. The limestones are normally indistinguishable but the Dover,
Zeandale and Howard Limestones can be recognised by’their lithology (Merriaﬁ,
1963). Channel sandstones occur in the Richardson Subgroup and often
confuse the normal shale-limestone sequence (Mudge, 1956). A number of
important underclays occur in association with the coz2ls, e.g. Nodaway
Underclay (McMillan, 1956). The total group thickmess is 165.m. (540 f£t.).

The Permian-Pennsylvanian boundary has been placed at the base of
the Indian Care Sandstone of the Towle Shale Mém%er (Zeller, 1968). This
is unfortunately a poor choice of boundary as it is a channel sandstone of
local importance only énd is often difficult to recognise in the field.
The Wellington Formation (Cimarronian Stage of the Lower Permian) has been
suggested as an alternative by Branson (1960a, 1960b), and there has been
recent palynological evidence for a Pennsylvanian-Permian boundary above
the Eskridge Shale (Wilson, 1973). However, there is general agreement
that 1little is to be gained by moving a boundary that has only reached

- peasonable gtability in the past three decades.
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The Lower Permian

The ILcwer Permian rocks of Kansas have been subdivided into two
tages, Gearyan (below) and Cimarronian (above). The Admire Group forms
the lowest division of the Permian and consists of shale deposits with some

thin limestones and coal beds. The  sequence is similar to that of the

-
-~

underlying Vabaunsee Group and is difficult to differentiate on lithology
alone. Confdfmably overlying tne Admire Group is the Council Grove Group
comprising approximately 100 m. (325 ft.) of limestones and shales in
fourteen Formations. The limestones are generally thinner and less massive
than those in the.overlying.Chase Group, but they form a greater proporiion
of the to%al thickness than in the underlying Groups. Another indication
of changing sedimentary conditions is provided by the sudden increase in
red and varicoloured shales (Merriam, 1963). Together with cherty
limestones, these characteristic sediments are interpreted by Moore and
Merriam (1959) in terms of oscillating transgressions and regressions.
This repetition is well developed in the Beattie Limestone (Walker, 1951;
Imbrie, 1955; Imbrie et al. 1959, 1964; Laporte, 1962; Elias, 1964;
Laporte and Imbrie, 1964). The palaeoecolbgy of the Red.Eagle Limestone
has been intervreted in similar terms (McCrone, 1963) and the Eskridge
Shale has been examined in connection with the Pennsylvanian-Permian
boundary problem (Brookins and Chaudhuri, 1973) and depositionsl
environments (Wells, 1950; Moore, 1957, 1959; Mudge and Yochelsen, 1962),
Red shales, green shales, cherty and dolomitic limestones characterise

snd divide the Chase Group into seven alternating predominantly shale-
and-limestone Formations. There is a noticeable increase in the number of
evaporite horizons suggesting some restriction of the Kansas sea at this
time. ILittle information is available, however, on horizons in the Chase

Group, except those in the Wreford Limestone Formation, which have heen

examined palaeontologically by Cuffey (1967), Newton (1970, 1971)’ Warner



and Cuffey (1973), Zifanc ot 21. (1974) and Intz-Corihzn (1974) and

sedimentologically by Hattin (1957) end Iubtz-Garihzn and Cuffey (1973).

CYCLICITY OF THE SEDIMENTS

e S

R.C. Moore (1936, 1949, 1950, 1959) has recoznised repetitive

sgociations of sediments in the Pemnsylvenian and Permian stratigrapahy
of Kansas which he termed cyclotherms and interpreted as recurrent
transgression/regression seqguences. The typical or "ideal! cyclothem
(Fig. 1.2) consists of ten beds symmetrically developing from 2 non-
marine sandstone or shale (o, 1a) up to a2 fusilinid limestone LI e,
representing the culmination of normal marine {ransgression, and then
back to a non-marine shale and sandstone bed (9), representing the
regressive marine phase., This "ideal" cycle is charzcteristic of ¥a ebzurcee
Group sediments (Moore, 194%9).

However, this is not 2 common occurrence in Kansas and.a nvnmber of
different cyclic sequences heve now been recognised, In the Shawnee
Group, for example, the most dislinct cycle consists of a black shale

2
followed by thick limestones separated occasionally by thin calcarecus
shales (Fiz. 1.3)« Frequently a thick, coarse, non-marine shale occurs
between each group of thick limestones. The Lansing and ¥ansas City bdeds
also contain cycicthems that bear no resemblance teo the *idesl" cyclothem
and Abernathy (1937) noted little correlation bestween Cherokee cyclothems
(Desmoinesian Staze) end the "ideal" cycle. In the Permian beds, cycles
were recognised by Moore and Merriam (1959) and Elias (1937, 1S64) and
are diagrasmatically summarised in ¥ig, l.3. The variation in Kansas
cyclothems is sumumarised in Table 1.1 and it is clear that the "ideal®
cyclothen is certainly not the typical cycle developed in Kansss., Merriam

(196%) has pointed cut that this wvariation is a result of the non-development

of particular beds or their development and subsequent destruction, Howevar,
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TABLE 1.1

VARTATION IN KANSAS CYCLOTHENMS

PENNSYLVANIAN
Desmoinesian Missourian Virgilian Lower Permian
Cherokee _ Yarmaton Kansas City & Lansing Shawnee Wabaunsee
Shale, calcareous
Limestone
Shale, grey Shale, grsy to Limestone Limestone Limestone
brown or Limestone
Shale, black Shale, black, Shale or Limestone Shale,marine Shale,marine Shale marine.
platey with marine fossils black
Coal Cosl Coal Coal Coal
Underclay Undexclay Underclay Underclay Underclay (Eveporites)
shale (sandy) Shale (sandy, Shale (sandy to Shale, Shalse, Shale, non-
gilty,and olayey)  cleyey) non-mai'ine non-marine marine, red
Sandetons Sandstone, .Sandstone, Sandstone, Sendstone,
non-riaxine non~rarine non-narine fine
micaceous
Noore, 1949 oore, 1945 Moore, 1949 Moore,1936 lloore, 1950 Moora & Merriam,1959




Branson (1962b) describes the situation more forcefully:

"A genersl misconception of the neture of cyclical sediments has
been widely held. An ideal cyclothem has not been found and in the Mid-
Continent, no cyclothem approaches the ideal. The normal well=-developed
cyclothem of the_area, and there are few such, is shown" in Fig. 1l.4.

In comparison, lMoore (1959) considered that the different Upper
Pennsylvanian and Lower Permian sedimentary cycles recognised were minor
variations of the "ideal" sequence. Repetitive occurrences of these
cyclothem varieties were also noted and termed "cycle pf cyclothems" or
megacyclothems. The Shawnee succession consists of two distinct cyclic
gequences, a simple shale sequence which corresponds_to one Vabaunsee
cyclothem and the more common complex limestone-shalé sequence which, with
some imagination, corfeSponds to 1 or 3 Wabaunsee cycles. As a result tuae
Shawnee succession.could represent a sequence of complex and simple cycles
or megacyclothems,

The scale of cyclicity in Kansas sediments has now been extended to
include hypercyciothems -~ repetitions of four megacyclothems with
intervening detrital units (Yeller, 1958), =nd magnacyclothems — repetition
of major stratigraphic units, genetically related and systematic in size
although not corr63ponding to systematic boundezries (Merriam, 1963). This
extension can only be of dubious value as the basic cjclothem unit is
still so inadequately defined. Branson (1962) added that megacycles and
hypercycles are so imperfect that they can be regarded only as hypothetical
units possibly indicating some sort of recurrent condition.

Megacyclothems have been reported from many different stratigraphic
levels (Fig. 1.5) but it should be realised that although Pennsylvanian
and Permian successions in Kansas consist of alternating clastics and
carbonatés, neither cyclothems nor megacyclothems have been reported from
all divisions. The Douglas Group for example is carefully avoided by all

advocates of cyclic sedimentation.
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Although some units, particularly limestones,.can be traced Irom
Oklahoma to Pennsylvania (Moore, 1959) and cover avess as large as 80,800
sqq'ml. (Duff, Hallam aﬁd Waiton, 1967), 3% is not easy to see how
individual cyclothems and megscyclothems are delimited. Duff, Hallam and
Walton have noted that units are not toc infrequently assigned to different
cyclothems in different studies, presumably indicating how inconplete the
cyclothems are, Thais is further examplified by the variatiorn in the
number and thickness of cyclothems recorded. Wanless (1950) recognised
25-%0 cycles in Kansas, whereas Pranson {1962) identified 60 frocm the
Oklahoma/Kansas border, 41 containing coals and Merriam (1963) says that
85 cycles can be identified from the base of the Cherokee to the Top of
the Pennsylvenien system. In comparison, Kosanke et al. (1960) recognised
only 37 from Illinois.

Schwarzacher (1969) analysed the Kansas City and Shawnee cyclethens
mathematically and developed & different classification of lithologies
based on Merriam's (1963) original field descriptions. This cyclothem
could be described as consisting of five limestone and one shale units in
each cycle (Fig. 1.6). "Limestone 1" to "Limestone 4" axre separated by
ingide shales, of which the black shale following "ILimestone 2" is the
most characteristic. The reduction of the clastic beds from the "ideal"
six or seven units to an outside/inside shale subdivision still preserves
the cyclic nature of the sequence and quantitative analysis revealed a
13-20 m. (42-65 ft.) oscillation. This compares with a menual determination
of 24.5 m, (80 ft.) for the average cyclothem (Schwarzacher, 1969), the
difference being attributed tc the classification of the Douglas Group as
an cutside shale. Schwarzacher admits that this classification may be a
mistake geologically but states there is no evidence fér a missing cycle
and it is obvious that the Douglas Group represents abnormal sedimentary
conditions. Such irregularities are eliminated to an extent using the

method of recurrent probabilities and it is for this reason that the
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reconstructed cyclothem is a vaiuable &id teo interpreting the natnre of
the succession, |

Moore's cyclothem phases would be ideal 1ithological‘states if one
vere able to recognise the phases by its lithology aad faunal cha:acteristics;
However, available descriptions did not sllow such an identification, nor
to the author's kmowledge has such an attempt been successful. A less .
detailed classification is possible. By combining lithologies described
ag “yellowish shale, sheles with plant fragments, silts, sands and
satdstones" into one group and "grey fossiliferous shales, shales with
predominantly molluscan fauna'", and "black fissile shales" into 2 seccnd
gr~np, two states can be obtained which closely resembled outside and
inside shales. Thus a three state system could be adopted consisting of
lircstone, outside shale and inside shale.

Pearn (1964) distinguished only five lithologies in Pennsylwvanisn
sediments which constituted a revised form of lMoore's™deal" cycle (Figz.
1.7} Certain problems were recognised in classification by these five
lithologies, yet it was noted that the average cyciothem observed in
Kansas would be similar to that proposed by Moore (1959).

Davis and Cocke (1972), on the other hand, recognised seventezn
lithologies including nine clastic units in a study of Kansas City and
Lansing Group cycles. TUsing a technique known as substitutability analysis,
a clessification procedure that groups states on'the basis of their contexti
in a sequence, it was concluded that lithologies must be grouped into
fewer than eight statés before any cyclic paittern emerges from the Upper
Pennsylvanian succession.

Further snalysis revealed that the stratigraphicel succession
contains a pattern of elternating calcilutites, calcarenites snd marine
shales. Sporadic incursions of coerser sediment mey interrupt this
pattern at any point. Itlmay, therefore, be inferred that the various

limestones and inside shale facies are interrelated and the occurrence of
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8 specific lithologicel iype a2t certain peints within the sequernce seems
to have no great significancz. In contrast, the coarser cutside shzles
and siltstones seem to yepresent a clastic influx irdependent of the dasic
depositional pattérn. Thus, Davis and Cocke infer that the limestone-
inside chale depositionai envirénnent constitufes the normal sedimentetion
pattern with an occasicnal influx of coarser ocutside shales.
Megacyclothems are not recognised in detailed examinztion of the ?ocks
and, in fact; cyclothems and megacyclothzms may be characteristic only of
idealised successions. Alternatively, cyclothems may depend upon
characteristics nct expressed in the lithologiczl nature of the rocks
themselves.

Mooxre's "ideal" cyclothem and megacyclothem have, therefbre, been -
questioned by detailed analysis of reportedly cyclic sequences., Yet thers
are many notable geologists who accept cyclic sgedimentation without
doubt. Znemchuzhnikow (1958) wrote:

"Those who accept rhythem in nature will find it when it is rather
indistincet, and they will arrive at proper conclusions. Those who do not
want to,.will not find it even when it is obvious." a:

It is necessary to resolve this conflict of opinion end geologists
(Peaxn, 1964) have suggested that detailed lithological, palaeontological,
geochemical and mineralogical studies of the Pennsylvanian and Permian
.deposits in Kansas mey provide & solution, This research hopes to shed
some light on the mineralogical and geochemical nature of the fine-grained

clastics within the succession and to relate this to the possible

' repetitive neature of the sediments.

TRCTONIC HISTORY CF MID-CONTINENT U,S.A. DURING THE UPPFR PENNSYLVANTAN

AND T.OWER PERMIAN

Throughout the Permsylvanisn and Permian, XKansas was covered by a

shallow epeiric sea (feckel, 1972a, 1972b) and sedimeat was continually



depesited in a2 number of brozd; nerth-south irending anviclinal and
synelinal structures (Fig. 1.8). Local and externel tectonic events

3 1 ) - - - /
affected the sedimentary succession throughout Xensas and Welloxw \1956)

e

n Kensas sedinents are &

l

went es far as to propcse that cyclic patterns
product of tectonism-alone. Therefore, to presenlt a compleie picture of
phenomena that may be responsible ‘of cyclic sedlmpnrﬁﬁion; it is necessary®
to summearise the structural and tectonic features of Kansas énd its
neighbouring states.
Structurally, Kansas is split into five regions (lierriam, 1963)

b}

that were active during the Pemnsylvanian and Permian eras. Firstly, the

rest City Basin, occupying the north-east and eastern edge of the state,
iz a remant of the earlier FNoxrth XKansas Basin and has been-a depositionzl

since the Arbuckle period (Lower Ordivician). It contains

M

approximately 1300 m. (4000 ft.) of Palaeozoio-sedimeptsliygné'og,

Precambrian metamorphics with the greatest thicknesses of sediﬁenfs
recorded on the basin's western {lank. The basinal axis, the Brownville
Syncline (Condra, 1927) trends slightly east of north and lies close to
the axis of the MNemaha Anticline producing an asymmetrical basin profile.
The Nerana structural zone waé active during the Mississippian -
(Branson, 1962b; Msrrizm, 1963) and was in part block faulted down the
east side. Some sediments were eroded from the northern end and deposited
along the eastern flank. The enticline separates- the Forest City Basin
from the Salina Basin (Re9d, 1)54), a post~llississippian syncline trending
northwes t&ards and plunging northwards with the greatest thicknesses of
sediment recorded in North-Central Kansas. To the southwest of the Saline
Bagin lies an indistinect unnamed saddle (Merriam, 1963), delimiting the
edge of the Sedgewick Basin. This shelf-like, northerly-plunging area in
Southern Kansas is a major pre-Desmoinesian, pogt-ﬂjssissippian structural
feature. Southwards, sedimentary facies change and thicknesses increase as

the Sedgewick Lasin passes into the Anadarko geosynclinel basin.
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The extent of thes Mississippian beds in Kansas outlines the
northern~trending pre-Pesmoinesian, post-Mississippian Central Kansas
Uplift, and in the southwest lies a large shelf-like extension of the
Oklahoma Arnaderko Basin, the Hugoton Embayment (Maher and Collines, 1958),
These areas separate the tectonically active Denver and Anadarko Basins,
with sediments thickening considerably off the shelf. The Hugoton Embayment
development was completed by the lMesozoic with a peak during the Iesmoinesian.

Tectonic activity in these regions mzde a distinct impression on
the sedimentary succession of Kansaes but these effects were of mincr
significance in comparison to the tectoni; activity in Kansas's neighbouring
states: in Oklshoma and Arkansas, the Ouachita orogeny was reaching its
peak in the Pennsylvanian and Permianj in Colorado, Idaho and New ¥exics,
the ancestral Rocky lMountains were developing rapidliy and in Missouri, the
Ozark Dome was shedding sediments into the epeiric sea covering Kansas.
These events were particularly important in the development of the
sedimentary succession in Kénsas and should be re-examined in the light of
recent developmenis in plate tectonic theory.

Surrounding Kansas therefore during the Pennsylvanian znd Permian,
were a series of mountain rangeé stretching from the Ozarks of Missouri
to the Black Hills of South Dakota (Fig. 1.8). These were the major .
sources of sediment for the Kansas basins and tectonic events within the
mountain regions produced dramatic changes in seﬁiment deposition in the
shelf seas of Kansas znd Colorado (Fig. 1.9).

Considering firstly the Ozark Dome of East Central Missouri, we
find that the area remained a complex uplifted block of PreCambrian and
Cambrian igneous and sedimentexry rocks from the early Palaeozoic. Although
channel sandstones are revealed in many Pennsylvanian deposits including
Wabaunsee and Lower Permien sediments (Hinds and Greene, 1915; Nvdge,

19563 Imcdge and Yochelson,1962), the Dome is considered to be stable

during *his period (Eiias, 1964) and sediments deposited in the Forest City
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Basin were prodominantly sills and c¢lays,

Te the south of the Czark Dome lies the Ouachita Mountainzs {Xing,
1961 ; Morris; 1973; Goxdon and Stome, 19733 Haley and Charles, 1973;
Viele, 1973), an Arkansas range that dGVeléped during orogeric movements
in the Mississippien, Pennsylvanizn and Permian Eras (Keller and Cebull,
1973). Structvrally sssociated with the Ouachitas, ére the Arbuckle and
Wichita Mountains of Oklahome and the Amerillo uplift of Texas. This -
chain of mountains forws one arm of the Ouachita ~ Appalachian %ectonic
region (Thomas, 1973) that has been inierpreted in terms of the Dewsy and
Bird (1970) model for a thermally-driven cordilleran~type mountain belt
by Keller and Cebull (1973), Roweit and Walper (1973), Walper and Rowetd
(1973), Cebull and Keller (1.974), Cebull et al. (1974), CGriffin (1974)
and Rowett (1974). It is generally accepted that the Ouachita orogenic
belt represents s continent/arc collision (Walper and Rowett, 1973; Hatcher,
1974) marking an early event in the opening of a Frote-Atlantic ocean.
Walper and Roweti also propcse that the Ouachita orogenic belt is centianed
in the foldbelts of Mexico and Central America and that apparent offsets in
the tectonic belt are menifestations of ancient transfomm faults.
Development of the orogenic belt will be discussed in detail subsequently.

In Colorade. Noxrthern New Mexico and Southern Idaho, a chain of
mountains commonly known as the Ancestral Rocky lountains developed in
response to orogenic movements during the Late Deévonian to early
Mississippien or early Pennsylvanian interval. Sediments were shed into
deep basins on either side of this chain during the Pennsylvsnien and
Permian Eras developing approximately 5CC0 m. {16250 £3.) of coarse clastics
in the Denver Basin (Chronic, 1964). No easterly sédiment transport
directions have been recorded in Yest Kansas as the effectis of the
orogenic movements were limited te Colorado and little sediment reached

Kansase.

The Ancestral Rockies are continued in Idanc by the Bighorn



lMounisins, a long sinuous wountvain chain rmarking tlic western boundary of

the Fowder River Basin. Undulaiing deltzic lowlands persist from North
Daokota to the Ozark Dome and form the boundary for the Powexr River Basin,
Denver Basin end Kansas shelf sea. The lowlands wexre not tectonically
active during the Pennsylvénian and Permian and éupplied limited
guantities of sediments to the basins.

It would appear therefore that the Kansas shelf sea was surrounded
by lowlands and orogenic mountain belts. However, one narrow channel to
the open marine seas in North-ilest Texas existed. The Dalhart Basin,

senavating the Amarillo Uplift end the Apishapa Uplift (part of the

-~

Ancestral Rockies), formed a shallow barrier bar during the Pennsylvanian
ermian and préducéd in extreme conditions, a stratification of the
seas in the Kznsas area, anaerobic bottom waters and the development of
a black shale lithology (cf. Black Sea sediments (Ileckel, 19722, 1972b)).
To'illustrate'the tectonic development of the Mid-Continent during
the Pennsylvanien and Permian, three palaeogeographic maps are presented
(Figs. 1.10; 1.11; 1.12). Initially, in the early Palaeozoic, a
Benioff zone was instigated in the Gulf Coast region of*Texas and slow
movenment of the oceanic pléte down the Berioff zone resulted in the
development of an orogenic zone in Arkansss, Texas and Oklahoma. A
shallow shelf sea extended northwards from the orogenic belt onto the
stable cratonic continental crust of Kansas, with a deep subsiding basgin,
the Anadarko Basin, separating them. During the early Pennsylvanian,
development of the orogenic belt reached its peak, as an "orogenic welt"
rose and great thicknesses of flysch wexre deposited on the ccllapsing
shelf (lMcBride, 1969). Some of these "clastic wedges" (Ferm, 1973) spreed
over the shelf, thinning rapidly northwards, and in the Forest Hills Basin,
the thicker, coarser shales may represent the finer fraction of the
nelestic wedge" lithologies. The.flysch ceposits were followed in the

1ate Pennsylvanien/early Permian periods by a wmollasse facies rarking the
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cegsation of subduction zué orogenic activity. Subsequently,
stabilization of the orogenic belt resulted in the disappearance of
"clastic wedges' from Kensas and the development of evaporite/carbenate
sedimentary sequences.

Bott and Deans (1973) studied stress diffusion at plate boundaries
and noted that movement along subduction zones ﬁas of cyclic nature, i.e. ,
movement along the zones was possible only when frictional resistance was
overccme by continually increasing pressure originating from the mid-ocean
ridges., It is to be suspected that similar ponditions existed in the
Pennsylvanian and we can infer that the Ouachita Fountains development was
cyclic and that the occurrence of thick coarse "clastic wedge" deposits in
{ansas is a reflection of this cyclic mountain building. This may account
for the regular repetition of coarse clastics in the sedimentary sﬁccession.
The excessively thick Douglas clastics may also be explained in terms of
sudden large scale orogenic movement (possibly, the culmination of thé
Pennsylvanian orogeny) in the Ouachita belt.

Thus in Kansas during the early Pennsylvanian, it is postulated
that the rise of the Ouachita system deposited thick cldstics in the
Anadarko Basin and during sudden uplifts in the mountaiﬁ chain as a result
of cyclic subduction, clastic wedges spread out onto the shelf sea of
Kansas. This situation predominated until orogenic movement ceased at the
end of the Permian era.

The normal sedimentary deposits formed in the Kansas epeiric sea
during the Pennsylvanian consisted of limestones alternating with thin,
calcareous shales (Heckel, 1972&). Algal buildups of Southern Kansas
developed in response to subsidence in the Anadarko Basin and consequently,
tectonism in the Ouachita belt. In comparison, the intervening clastics
were deposited from deltas on the lowlands to the east and north of Kansas.

The orogenic belt of Colorado, New Mexico and Idaho was throughout

this period providing coarse clastic sediments for the Denver and Fowder



24(,‘

River Basins but had little direct effect on the sedimentary successicn of
Kansas. It 4id, however, complete a ring of land around Kangas providing
a classic epeiric sea setiing for the Kansas shelf. The narrow Dalhart
Basin separated the COuachita and Rocky Mountsins and formed a- barred

entrance to the Kanses sea. As & result, stratification of the epeiric sez

occurred at a number of times during the Pennsylvanian (Heckel, 1972a) .

encoureging éﬁaerobic conditions to oprevail in the bottom waters anda
sediments of the sea, Black shales, a diétinct litholeogy used as a marker
horizon in the "ideal" cyclic sesquences (Moore, 1950), are a product of
these angerobic conditicns and are normally enriched in irace elements.

With the cessation of orogenic development in the Ouachitas at the
beginning of the Pernian (¥ig. 1.12), the paleecgeczraphic conditions of
the 1id-Continent changad dramaticelly. Carbonate deposiiion increased
and towards the erd of the Council Grove Group, evaporite sediments develop
substantial thicknesses, The Amaxrillo Uplift-Wichita Mouantzine-Arbuckle
Mountains belt became a series of islands (Rascoe,1962) separating the
Ouachita a2nd Rocky lMountains and the Xensas epeiric sea became a parfially
barred carbonzte/evaporite basin similar to that of the ‘Mediterrancan
during tre HMiocene (Hsu et al., 1973). The tear-drop distribution of
carbonate and evaporite sediments (McKee and Oriel, 1967, Fiz. 4) reflects
the partially barred nature of the Kansas Permian sea,

The overall tectonic environment of Kansaé during the Upper
Fennsylvanian and Lower Permisn has a close analogy in the modexn tectoﬁic
environment of the Ar#faru epeiric sea off northern iustralia (Fig. 1.13).

Here, New Guinea is pari of a complex orogenic beli of comparable size to

+the Amarillo Uplift-Wichita Hountains~Arbuckle Mountains arm of the Ouachita

foldbelt. Clastic sediments are carried from the mountaine and deposited -
at the margins of an epeiric sea covering the edge of the stable
Australian craton, Carbonate sediments and asective yreefs also cover much

of tre area. Differences in the two regimes are noticeable however, and
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Heckel (1972a) has suzgested the Yellow Sez as an alternative for the
restricted marine basin environment, A sinilar environment has beon
reported in the Tesman S2a by Hayes and Ringis (1973).

To summarise, thereforz, tectonic events-in Oklshoma, Texas énd
Arkansas have affected ihe Pennsylvenian and Permizn sedimentary succession
in Kensas and produced g fourfold division of the cl stic sediments
Firstly, there is the carbonate-rich shales characteristic of "normal"
carbonate/shale depositioh in the Kansas epeiric sea. The second division
is a variation of this themé, -~ the distinctive black shale lithology
characteristic of anaerobic bottom waters. INext, from the east came a
number of deltaic channel sandstones, siltsiones and shales that were
deposited in the Forest Hills Easin and finally, thick coarse clastic
thet ave found at regular intervals up the Pennsylvenian
stratigraphic section, are derived from the Cuachita tectonic belt of

klahoms, Arkansas and Texas.

This fourfold tectonic division of clastics in the Upper Pennsylvanian
and Lower.Pefmian of Kansas does not match either the traditional
classification of Moore (1950) or the mathematically-deiived classifications
of Davis and Cocke (1972) and Schwarzacher (1969). It is necessary
therefore to resolve these differences by studying the clastics in detlail

and testing the various classifications.

SAMPLING PATTERY

Stratigraphically, it vas realised that each clastic horizon in the
Uppef Pennsgylvanian and Lower Permian was not necessarily restricted to a
unique lithology. In fact in loore's classification, two or even three
lithological divisions of a cyclothen could be found in one clastic bed,
As lNMoore based his conclusions on field and hand specimen evidence, it was
concludeq that lithologies, recognisably different in the field, should be

sampled for mineralogical, petrological and geochemical enalysis. Samples



were collected from horizons in the Taéket Formation (Pleasanton Group)
and all clastic units up to the Paddock shale member of the Nolans
Limestone (Chase Group) and. the distribution car be seen in Fig. 1.14.
The -only excepticﬁs to this nastern were the Auburn and Winzeller Shales
(Wabaunsee_Group) where lack of éurface exposure prevented adeguate
collcction, -

Samplés collected for eéch horizon are considered representative of
that horizon for many hundreds of miles along the outcrop strike. Merrianm
(1963) for example, has commented on how it is posgible to recognise single
Jithologies over remarkable distances in Kansas and how stable bed
thicknesses axe.

The distribution of sample collecting stations in eastern Kansas
(Ffige. 1.15) is restricted to the Forest Hill Basin. However, adequate
exposures could in some cases only be found in southern Kansas. In the
later situation, it should be noted that clastic deposits do coarsen and 4

thicken southwards from South Kansas into the Anadarko Basin of Oklahoma

inferring that the South Kansas outcrops will not necessarily be
representative of the normal Pennsylvanian and Permian Sediments in the
Forest City Basin. Interpretation of analytical results in succeeding
chapters will take this into consideration.

Outcrops of Pennsylvanian and Permian deposits are found along all
major motorways cutting east-west across the sta&e (Figs. 1.16 and s
Samples collected from such exposures were extracted at a depth of =ix
inches from the surface to obtain relatively unweathered sediments.
Suiteble samples were then thin-sectioned and analysed by X-ray diffraction,
emission spedtroscopy and electron spin resonance. Appendix 6§ summarises
the sawpling information in tabular form, recording semple number code,
collecting station and analyses performed on each sample.

Analyses vere performed on a representative selection ¢f sediments

extracted from the total sample collection. This was considered necessary
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Fig. 1.15 Disfribution of sample collecting stations in eastern Kansas.




Fig. 1.16 Important outcrops of Shawnee Group beds on Interstate 70,

W of Lawrence, Kansas.

Fig. |7 Road cutting exposure of Vilas Shale near Altoona, Wilson

County in Southern Kansas.
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INTRODUCTION

The mineralogy of fine-grained clastics is normally obtained using
X-ray diffraction. Guantiiative determinations involve the measurement of
intensity of X-rays diffracted from minerasls and comparison with.a
calibrated standard., Although simple in principle, experimental results '
are highly variable; consequently, a number of alternative preparation
techniques have been proposed to assess the miheralogy of sediments by

quantitative X-ray diffraction.

————

R~

Various reasons for inconsistency in results have been suggested,
with most{ emphasis on the relative magnitudes of errors produced by sample
prepzration techniques (Gibbs, 1967). Other sources of errors including

instrument fluctuwations, operator error, and structural and chemical

variations between minerals have also been described.

To establish a system which minimizes these errors and consegquently
raximizes analytical accuracy, it is necessary to have complete knowledge ‘
of the effects of the errors. In this chapter, the primary sources of
error in quantitative X-ray diffraction analysis of fin?-grained sediments
are described and studied. By statistically.designing an errcr-analysis
experiment, it is possible to establish standardized preparation procedures
and analytical conditions which minimize the controllable errors. Under
these conditions, calibration charts for a number of minerals can be
produced, using regression analysis, which will act as external standards
for the analysis of Upper Pennsylvanian and Lower Permian shales of

Kansas, U.S.A.

PREVIOUS WORK

The basic principles of quantitative X-ray diffractometry were
developed and discussed by Klug end Alexander (1954); many workers have

used variations of their methods for determining mineral percentages,




especially guartz and calcite (Levy, 19643 Gorbunova, 19693 Till and
Spears,A1969). lore rarely whole rock samples have been analysed by

X-ray diffraction techniques. Schultz (1964) described methods devised forx
analysis of the Cretaceous Pierre Shale and concluded that an overall
accurécy of * 10 percent could be achieved by (1) controlling the
‘uniformity of grinding procedures, (2) careful homogenization of samples,
(3) consistent interpretation, and (4) standardization of sampling and
sample preparation.

Other quantitative studies include those of Tatlock (1966), Baker
(1968). Bristol (1968), and Hausen (1973). Nelson and Cochrane (1970)
determined mineral percentages in calcareous mudstOnes,fsandsﬁbnes, and
hydrothermally altered andesites. Accuracy was cbtained by initial
standardization of procedure and equipment, yet differences in
crystallization remained as a major source 6f error.

Gibbs (1967, 1968) has studied the errors involved in different
sample preparation techniques for clay mineral studies and concludes that
the smear-on-glass slide technique, suction-on-ceramic tile, and dry powder
press technique were the only acceptable preparation methods. Errors due
to segregation are partially responsible for the inaccuracy and lack of
precision of alternative methods.

The factors affecting peak intensity and thus the accuracy of
diffraction analysis were studied statistically by Griffiths (personal
communication). It was concluded that factorial designs were a powerful
tool for exploring the magnitude of variation in performing a simple

analysis by X-ray diffraction.

VARIANCE IN OUANTITATIVE X-RAY DIFFRACTION

Different samples of the same pure mineral will produce X~ray peaks
of the same intensity. Theoretically, the relationship for e pure mineral

will bz expressed as




0 ~ k
where © 1is the peak intensity and k is & constant unique for each
mineral. However, for mixtures of minemrals in & sedimentary rock, the

peak intensity of a mineral Vecomes

,fa)
0, m el 100, i

where & 1is the percentage of the minersl in the sample. So-called

"matrix effects", m, are produced by absorption and reemission of X-rays
by certain elements in the mixiture.

In practice, intensity is affected by many factors other fhan
abundance and matrix effects, as shown in Fig. 2.l. These other factors
can be divided into twc general categories of within-sample vaxriaticn. One :1
source is inherent; that is, variation within the crystalline mixture [
itself resulting from differences in the degree and neture of crystelliniiy
of the particles (Grim, 1968). This is termed cormositional variation and
is beyond the control of the investigator.

Compositional variation contributes only & small proportien of the
totzl variance for most. non-clay minerals and may be igpored. The primaxy
source of within-sample variation is induced, or independent of the samples
themselves. This external variation is termed experimentel wvariation and
can Se ascribed to three sources: (1) inhomogeneity within a prepared
replicate, (2) differences between prepared replicates of samples, and
(3) instrument fluctuation.

External variation generally results frqm inconsistencies in
preparation and asnalysis, incomplete grinding or disaggregation,
inconsistent mounting of samples, variaiions in line voltage to the X-ray
unit, non-vniform maintenance of laboratory conditions, and fluctuations
in detection and recording circuits. lMany of these wariances can be
reduced by use of quality-control methods and statistical analyses.

~ Variation resulting from prepared sample inhomogeneity end differences




Sources of variance in intensity

MINERAL MATRIX COMPOSITIONAL EXPERIME
PERCENTAGE EFFECTS VARIATI ON' VARATOR

Difference Instrumental Inhomogeneity
Between  Fluctuation ~ Within
Replicates Replicates

Minimal variagnce-cannot  Minimized by standardization
be controlled by operator of technique

Fig. 2.1. Sources of variation in the quantitative mineralegical analysis of sediments by X-ray diffraction.
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between replicates can be minimized by experimentation and selection of an
optimal sample preparation technique, Instrumental variation can be
minimized by establishing uniform laboretory conditions. If quantitative

X-ray diffraction analysis is to be performed, sources of experimental

variation must be isolated and minimized and a standard analytical technigue

established.,

EXPERIIMENTAL DESIGH

To determine the relative importance of each source of variance it
rag necessary to establish and test an experimental design which would

~solate the various sources. Hypotheses to be tested were:

(1) There is no difference between the sample preparation methods.
(2) There is no difference between sediment samples.
(3) There is no interaction between sediment samples and

preparation techniques.,

(4)  There is no machine variation within a single method.
(5) There is no machine variation within a single sediment
sample. °

(6) There is no replicate inhomogeneity within a single method.
(7) There is no replicate inhomogeneity within a single sediment
sample,
Furthermore, a selection of the "best" preparation techniques can be made_
on the basis of minimum variance within replicates; that is,.- the superior
technique is the one which produces the highest ratio of between-~sample
to within-sample variance. In order to assess the effects of machine
variation (an independent source of error) and inhomogeneities within
prepared replicates, their veriance rmst be measured as well. .The entire
analysis was performed for both peak height and pesk area methods of

measurerznt. Because all currently employed sample preparation techniques

are analysed, the number of possible treatments is fixed. However, samples"




selected for analysis are chosen randomly from an essentially infinite
population of scéimemtary rock samples. 'The resulting pattern of a fixed
number of treatments and a random selection of‘samples is termed a mixed
effects model (Bennett and Franklin, 1954), The experinental design used
is a classic two-way analysis of variance with replicates (Criffiths, 1967).

Bach analytical result Xijk can be described by the equation

xijk = p o+ a; + ﬁj. + Yij + (ak(ij) * G(ijk)) ’
expressing the structure of the experiment. This states that an obse:vation
is composed of a constant (the overall mean y ), a contribution from the
preperation technique @y from the samp}e/9j, and from "discrepancy" oxr
differentialleffect of samples over techniques ‘rij’ plus final contributions
from ;eplicates'SkKij) and from unspecified (unassigned) sources, otherwise
known as error, e(ijk)' The structure of the analysis is shown in
Fig. 2.2 This design descrives two major effects, the differences betweén
preparation methods and the differences between samples,

Two sources of variation contributing to the error term e(ijk) in
the two-way AINOVA are not described by this design, that resulting from
instrumental veriation, and that from inhomogeneities within the prepared
replicates. However, these can be estimated by (1) chcosing one replicate
from each method/sample combination for re-running without changes in the
experimental conditions, and (2) choosing another replicate from each
method/sample‘combination for re-running but repositioning the replicate
in the X-ray beam. To assess the relative importance of instrumental
.variation and within-replicate inhomogeneities, it is necessary to run a
one-~way AifOVA test for each of these variandgs. It should be noted that a
single experiment could be designed to assess these sources at the same
time as the primary sources, but this would require either an inoxrdinate
number of levels of replication or a complex, unbalanced design.

The ANOVA for the two-way design is shown in Table 2.1l. The

gipnificance of the variance contributions is tested by an F-test of the
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Fig. 2.2 Experimental design with replication (after Griffiths, 1967)




TABLE 2.1 ANOVA table for a two-way design. For samples, A corresponds Lo the population parameter o,

Btoh , and A x B to the interaction parameter Y. The confounded paramcters 6 and € of

"

the model equation are represented by the within subgroup varience, or error, o .

- . : '« ldxed Model

Sourcs of varietion af S8 . MS . Expected MS (A fixed, B rendom)
=¥ Subgroups eb ~ 1 8 8/(ab - 1)
. ; 2 2 nb 2
[A-Y A (columns) a -1 9 10/(9.-1) o +no AxB+;~*_-'—:l~Za
B—i B (rows) b -1 10 9 -1) o2 1 1B O°B
Y-% -, +T  AxB (interaction) (e -1)(b-1) 11 1/(a=-1)(b=1) o° +no> AxB
Y- Y : Within subgroups ab(n = 1) 12 12/eb(n - 1) 0'2
Y-Y Potal ebn = 1 7

‘¢




mean~-squares ratin. Three assumpiions are necessary for the P-test.

(1) The observations X, . are rasdom variables,

2]
(2) The variables are the sums of the contributions cf the

P‘.‘

a0

component variebles «. and 1.0, o, =5 "w"a. .0 =0,
1 i - ﬁ ° l BJ iJ

U‘ LSUN

{3) The random varizbles are die uted with varisnces

r
2 2
Ox » 97 4y and Oy and 2ll covariances are zero.

The third assumption implies that there is no interazction between the

variables, but by using the ANOVA test, any interactions that may exist can

be assessed and their significance determined.

METHOD

Fer this study, six shale samples were selected to represent the
compositional range apparent in the Uppsr Pennsylvanisn and Iower Perzian
shales of Kansas, U.S.A. Seven sample preparation methods wers evaluated,
including all of those advocated in the literature for guantitative or
semi-quantitative X-ray diffrection analysis, and those most commonly
used for gualitative analysis., The technigues were: 3
(1) Smear of wet paste on glass slide (Gibhs, 1965),

(2) Suction of water-~dispersed samples onto porous ceramic tile

(Kinter and Diamond, 19563 Shaw, 1972),

(3) Pipette water-dispersed sample onto glass slide (Gibbs, 1935),

(4) Vater-dispersed sample sedimented ontc glass slide (Gipson,
1966)

(5) Ground dry sample moulded into pellet using a high~pressure
press (Hidalgo and Renton, 1970),

(6) Ground dry sample packed in a Norelco alumirium sample
holder (Gibbs, 1965), and

(7 Suction of water-dispersed sample onto membrane filter

(Appendix 5).
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The centrifupe-on-glass slide and centrifuge~through-ceramic tile
ﬁethods have been showr 1o be inaccurate and subject to great veriztion
in results (Gibbaz, 1965) and were not considered in this study. Detailed
descriptions of the varicusz methods of preparation cz2n be found in Gibbs
(1965, 1967, 1962, 1969), Quakernast (1970), Shaw (1972), and Kittrick
(1961). It should be noted that techniques 3 and 4 will be affected b,{r
orientation and sezregation of minerals due to differential settling of
certain mineral groups. This enhances the intensity of certain X-ray peaks,
especially those of the clay minerals, and may prcéuce a bisscd estimate : ﬂ

of shale mineraiozy. However, both techniques have proved useful in F

qualitative assessment of shale mineralogy.

The shale samples were dried in air and then ground in a shatterbox
to less than 60u. o additional treztment was applied to the ground
material. Each shale sanple was divided into seven parts and randomly
asgigned to a sample pre?aration technique. Individval runs were grouped
into clagses representing all possible different combinaticns of shales
and preparation methcds. Each run was replicated five times, resulting
in 210 X-ray anzlyses for the assessment of preparationsmethods.

As discussed previously, one replicate from each method/sample
combination was run five times without change in experimental conditions.

Another replicate from each method/sample combination was run five times

changing the position of the sample within the X~ray beam after each run.
Thus instrumental variation and inhomogeneity of the prepared replicate
could be assessed. Peak area and peak height measurements were recorded

for all analys2s. . ; :

RESULTS
The completed ANOVA: are chown ir Table 2.2 and indicatz
gigmificent differences beiween methods of sampla Preparation

and between

the sheles analysed. They also indicate significant intersctions between
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methods, shale samples, and interaction. Table A is for

peak height measurements, Table B for peak area measurements.

ATWOVA for two-wzy design, comparing sample preparation

A. ANOVA for Peak Heights
Source Sum of Squares D;Siggszf Mean Sguares  F-ratio
Between Methods 3,668 6 611.3 36.1**
Between Shales 10,178 5 2035.5 1203
Method x Shale A
nteraction 2,998 30 99.9 5.9**
Errvor (replicates) 2,765 YER S 0 477
Total 19,609 209
B ANOVA for Peak Areas i
Source Sum of Squares D;fzzziméf Mean Squares F-ratio |
Between Methods 53,231,684 6 8,87},947 26.4**
Between Shales 288,497,404 5 57,699,481 172.0
Method x Shale _
Interaction 115,233,135 30 3,841,105 2 1 O s
Error (replicates) 65,001,239 168 ; 335,533
Total 521,963,462 209

** . . - -
Highly significant

|
|
|
!
1



preparation methods and samples. The first ANOVA in Table 2.2 uses

peax height as the variable, end the second uses peak area. The ratio of
between-shale variance/within~shale variance ("error") can be regarded 23
an index of efficiency of distinction between shale samples, i.e. a measure
of separation between means of replicates compared to dispersion of
replicates. This ratio is 120 using peak heights and 172 using pesk

areas indicating that peak area measurements are more effective than peak
height for distinguishing between sarples. FNote, however, that there is
significantly more interaction using pezk area measurements.

Having established that different sample preparation methods do
produce significéntly different results, it is necessary to rank them in
order to select the optimum procedure. This can be done by computing the
ratio of the between-shale variance, within a method, to the within-shale
variance, within a method. These ratios are shown in Table 2.3 fer both
peak height and peak area measurements. |

Péak area is superior to peak height for all preparation methods
except (6) hand packing of powdered'sample into holder. All methods allow
discrimination between shales except method (3) pipettifig a dispersed
sample onto a slide. Even this method allows the distinguishing of samples
if peak area measurements are used.

Clearly the most effective preparation technique, judged by the pesk
area criterion, is the smear method (Table 2.3).' The second most
effective procedure is pressing a powdered sample into a pellet.
Interestingly, both of these procedures tend to produce oriented samples.
The filter-mounting method and that of sedimenting a sample onto a glass
slide in a beaker are approximately egual in their effectiveness., Other
techniques are significantly less effective for discrimination between
shales. This presumably results from the low counting rates produced by
these methods, which result from increased contributions by the X-ray

background level.




50.

Ratvics of between-shale variance to within--shale vaxiance

for seven sample preperation techniques.

1 2 3 4 5 6 7

G o Suction Pipette Settling Pressed  Sample Filtex

. on tile onto slide onto slide pellet holdex nount
Peax
Height 89 15 2 - 43 50! 15
Rank 1 6 1 4 3 2 5
Peak
Ares 166 16 T 52 109 35 52
Rank i) 6 7 3 2 5 3
TARLE 2.4 Variances of homogeneity rums, averaged across ghale samples.

Rank indicates smellest to largest within-mount variances.

Only data for peak area measurements given.

1 2 . 4 | p) 6
S Suction Pipette Settling Pressed Sample
Mear .n tile onto slide onto slide pellet holder
Variance 165,363 308,168 21,216 361,158 130,561
Renk 4 6 i 7 2 e

7

Filtexr
mount

212,228 141,075

3




Sample homogeneity, or the tendency for s sample to vary in

composition across a prepared mount, is a major factor which affects
reproducibility. Table 2.4 contains the average variances of replicates
repositioned in the X-ray beam to measure sample homégeneity, calculated
across samples. Their ranking indicates relative tendency for specific
preparation methods to create inhomogeneous mounts. -

The smalil el the pipette method (3) results from the small
area of the prepared sample which insureé that almost all of a sample is
in the X-ray beam regardless of its oxrientation in the machine,
Unfortunately, this method is the poofest for distinguishing between shale
gsamples. The second most uniform method is Yhe pressed pellet; the third
most effective, the {ilter mount. The_smear technigue, which produces the
highest between-shale yariance, ranks fourth for uniformity.

At this stage of the analysis; three sample preparation technigues
can be selected as éuperior. These are the smear method, the pressed-
pellet method, and the filter-mount method. However, as the technique to
be applied to thié project involved analysis of several hundred samples,
each replicated a number of times,,practicél consideratlons of sample
preparation time were important, and an assessment of the physical proceduie
became necesszary. In this regard, the smear method is decidedly inferior
to either the pellet method or the filter mount. Therefore the smear
method was not considered further and the filter-mount and pellet methods
were adopted for this study. However, if time is not an important
consideration in a quéntitative X-ray diffraction study of sediments, the

smear method is the most suitable sample-preparation technique,

INTERNAT AND EXTERVAL STANDARDS

Having established a standard preparation procedure, the next

problem is determination of the mineralogical content of the samples. Many
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techniques have been used for pradiction, most of them derived from the

work of Alexander and Klug (1948). Two methods receiving great athention, i
especially in clay mineralogy, ere external and internal standard technigues.
Klog and Alexander derived the basic equation for the extiernal

standard technigue in 1948 and 1954. The method involves use of zbsorphtion

coefficientis, as expressed in the basic equation

4
T T S
03P

Ip = reflected intensity of mineral P in the multi-component
system,

10 Dl reflected intensity of the pure mineral P,

upw ‘= mean absorption coefficient of mineral P,

-

7] = mean absorption coefficient of the mixture, and

wp = weight proportion of P in the mixture.

By adding a known weight of a pure component (a "spike") to a sample
.
‘containing this component and measuring the reflected intensities before
and after this addition, the weight proportion of the compcnent in the
original sample can be approximately determired. Leroux, Lennox and Kay

(1955) studied this relation for a series of mixtures containing guartz

and their results demonstrated the feasibilitly of the method. Gordon and
Harris (1956) concluded that the combination of external standard method
and measurement of mess absorption coefficient occupies less time than the
preparation of an internal standard mixture and its examination, and that
the two methods are comparablé in accuracy.

Internal stendards were first employed by Clark and Reynolds (1936).
In this method,; which is essentially a dilutation technique, a known
weight of o substance$ is edded to a set amount of the mixture and convenient

reflections from S and from the compenents ¥; Qy Ry eee S of the mixture
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are compared. The internal standard is added in & known weight proportion.
Let wg be the weight of the standard added to 1 gm of the mixture. The
weight proportion of § in the resulting mizture will be wg/(1 + wg)

and similavly for P will be wp/(l - wp), Klug axnd Alexander (1.994)
derived the followinz equations

\.7
LB

1 = T
I" IJ & oy
1+ Wy v
and {
Tg = Kg it :%5
1+ Wy 7}
so that I K, EE
Tran oan W
vhere

is the refliection intensity of the determined mineral,

I. is the refiection intensity of the internal standard,

Kp and X are coefficients of proportionality,

W, is the weight % of the determined mineral, and

V. is the weight % of the internal standard.
Molybdenite (Quakernaat, 1970), boehemite (Griffin, 1954; Gibbs, 1967),
caleium fluoride (Gorbunova, 1969). aluminium oxide (Caivert, 1966),
aluminiun powder, lithium fluoride (Brindley, 1961); and corundum
(Mitchell, 1960) have been used with varying degrees of success as internal
standards. The main difficulty with this technigue is that mixtures
containing two, three, or four mineral ccmpenents and several minor
components will give so many reflections that it may be nearly impossible
to choose an internal standard whose reflections do not interact with
existing reflections.

The procedure used in this investigation is a combination technique
that retains desirable features of both external and internal standard
methods. A preliminaery series of samples are run until a group is

essembled that represents the range of variability of minerals encountered
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standard metheds, Results are plotted as total ceunts against mineral
content and & regress sion on totel counts computed. This establishes a
calibration curve that can be used as an external standard to analyse the
remainder of the sample

To prepare internally stendexrdized somples; five replicates were
made of < 60u ground maﬁeriai, and analysed by the methods selected in the
investigation of preparation techniques. Approximately 1 gm of sample and
0.02 gm of spike were weighed in an analyticel balance and thoroughly mixed

1

by ezitation with an nltrasonic probe, Five replicate mounts of the spiked

(% ~

sample were thﬂv prepared and analysed. Meen values of original inienszity
(IO) and intensity of the spiked sample (I ) vere coupered and the oxiginal
minernl content computed by the relationship
1 Y S S
: - (1 )
; O+ S - Eg v @ )
I J

wvhere O is the original weight of the sampley

S is the weight of the spike, and A

P is % of mineral in the szmple.
This equation was used to calculate the percentages of quartz, calcite, and
dolomite in a number of samples. Approximately 0.02 gm of pure quartz
spike were added to a known weight of sample and the increase in X-ray
intensity was observed. This was repeated using calcite and dolomite
spikes for all replicates of the seven shale samples. The resulis were
then used %o establish calibration curves of the three minerals, shovm in
Figures 2.3, 2.4 and 2.5, by regression peak area against percentage
composition. These curves were used to estimate the composition of several
hundred chale samples from the Upper Pennsylvanicn and Lover Permian of

Kancas
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CONCLUSTONS

Detailed statistical tests of competing sample preparation methods
show that the ccmmonly used smear technique is superior for distinguishing
between shales on the basis of quantitative assessment of mineral content.
Hovever, practical considerations make this method inapplicable for large
experiments. The next most effective methods are the pressed-pellet
technigque and the mounting of samples onto membrane filters. Eoth methods
are exirenely rapid and sﬁbject to minimal operator variation because they
are mechanical operations.

Using either of these two methods, a combination standards technique
can procdéuce calibration charts for fhe major constituvents in shales. The
combination method achieves the accuracy of either internzal or external
standard methods without the necessity of "spiking" every sample in the
experiment. Ixtremely high Jinear borrelations for the three standard
regression curves indicate that the expected error of estimates made
vithin the rangevof the standards will be very small, less than 6 percent
at a maximum., This technique is particularly applicable where pure

»
minerals identical to sediment components can be obtained but has the
disadvantage that standards for minerals with variszble composition such
as clay minerels are still difficult fto construct. Continued research

on this problem could prove most beneficial to sedimentologists.




CHAPTER THREE

FACTORS AFFECTING THE MINERALOGY OF TIE UPPER PENNSYLVANTAN

AND LOWER PERMIAN SHALES OF KANSAS, U.S.A.




INTRODUCTION

The objectives of this chapter are twofold ~~ to determine the

|
]

i
8
f

i
1§

I

mineralogical nature of the Upper Pemnsylvanian and lower FPermian shales
of Kansas and to observe and account for the stratigraphic distribution of

the major mineral components. Using the X-rzy diffraction techniques

developed in'Chapter 2 and Appendix 4, it is possible both to identify the 1
minerals and quantify the major components present in'the shales. The g
resulting stratisraphic distribution of minerxals throughout the Upver
Pannsylvanian end Lower Permian shales can be plotted, analysed and
iaterpreted in terms of changing tectonic and sedimentary environments.
Similarly any periodic elements detected in the mineral distributions can

be exaemined and tested by statistical analysis.

AVALTTICAL EQUIFMENT AND TECHNIQUE

The equipﬁent employed in the X-ray diffraction analysis, consists
of a Norelco X-ray Diffractometer, wide-range goniometer, AMR3 - 202 LiF
curved crystal monochromator, proportional counter and pulse-height

analyser.

A1l shale samples were ground to less than sixiy microns and

prepared for X-ray diffraction analysis using the sample mouniting procedure

described in Appendix 4. Individuals were then placed in the sample
cavity of the Norelco Diffractometer and examined at 2°28/hin. over a

period of 30 mins. under standard conditions (Table 3.1). All major pesks

were recorded within the range 2926 +to 60°20 and minerals present were

identified.

X~RAY IDENTIFICATICK AND CHARACTFRISTICS OF MINERALS

The identification of minerals in the X-ray diffraction traces was

H"rimatrilv achieved bv eyaninine standard d=spacines in the A.S.T.Ii. Pouder



MABLE 3,1 NORELCO DIFFRACTOMETER: X-RAY COUDITIONS AND SEPTINGS

Cenerator and general information:

Kilovolts = 35

Milliampexes = 18

Water pressure - 50 lbs/sq. in.

Slits ~ 1°/1°%(entiscatter) / 4°(receiver)
CuK o« radiation

I‘-l‘.i Q head °

Recorder:

Proporticnal counter input

Linear aaplifier with atientuation setting of 1
Detector 1 voltage = 40 kv

Detector 2 voltage - 40 kv

Baseline = 82 pha ~ manual

Window =~ 22 pna - internal

Scale counts = 102, mltiplier = 2

Time constant = 2

Chart recorder rate - 60 ins/hr.
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 Data File. However, seversl clay minerals are not easily identified using
this method and tests on the shele samples were required to establish the
species present. The standard identification procedure for clay minerals
(Caxrroll, 1970; Griffin, 1971) was therefore adopted:

H.. Position of main peaks., This is of primary importance in the

identification of minerals as each has a unique and characteristic set of
peek positions. However, for a number of clay minerals, the most intense
peaks overlap and it may be necessary to examine —

2 Effects of glycolaticn on peak positions. Normally montmorillonite,
illite and the interstratified clay minerals are indistinguishable as major
oeak nositions overlap, and minor peeks are inevitably lost in background
noise. However, they may ve differentiated by their swelling reactions in
en atmosphere of ethylene glycol; 1illite does not respond to the organic
reagent but swelling clays such as montmorillonite absorb the molecules,
producing an expansion of the crystal lattice and a characteristic shift

in major peak positions on the diffraction trace. One pair of non-swelling
clay minerals, kaolinite and chlorite are indistinguishable by either of
these methods thereby necessitating the introduction of’one further test —
e Effects of heating on peak positions. Heating clay ﬁinerals results
in an initial loss of water from the crystal lattice, especially in the
case of illite, and at higher temperatures, Qolatilization of organic
molecules from the interlayer sites. Other notable features include the
breakdown of kaolinite to an amorphous state at 500-600°C and chlorite at
800°C. Each of these évents is marked by a dron in height of the X-ray
peaks on the diffraction trace., Table 3.2 illusfrates the important role
these effects play in the identification of clay minerals;in shale samples
and Fig. 3.1 shows the changes that may occur in peak positions during
heating and glycolation of chlorite (at 6°20), kaolinite (at 12°26) and
illite (at 9°20).

The major mineral consiituents of the shales.were, therefore,




TABLE 3.2 EFFECTS OF TuST TREATIINITCS ON PEAX POSITION OF MAJOR MINERALS

e

IN_THE SHALE SANPLES

} Basal Spacings 26 Trans- Effect of Effect of 5
Mineral (001 Unless rormation Glycolation Heating on i
Stated Otherwise) on liain on Pezk Peak Tosition |
Peak Position
e 12
S
Quartz ‘3.34A (101); 26,66 none none
(o}
4.26A (100) 20,85
t‘eldspaxr 50 504 2(e(U none none
O
Calcite 3.03A (104) 29.47 none none
o) - z |
Dolomite 2,884 (°.04) 30.05 - none HOnSE- 4. | iva daeSe
o) ; : A j !
Chlorite 14.1A + integral 627 none : (001) increesses in |
series of basal intencsity; at T
spacings | 800°C snows wi. |
i

loss (Mg form)/

collapse (Fe form)

(o)
Kaolinite T+15A; 12.56 none Becomes
o -
3,754 (002) s amorphous 2t
550-600°C
I1lite 104 (002) broad 8.70 none (001) more in-

tense as H20
removed from

structure

N.B. Disordered kaolinite shows broadening of X-iay peaks.
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Fig. 3.1. X-ray diffraction ftraces of shale sample no.5. (a) normal

temperature and humidity, (b) heated to 500°C for one hour, (c) glycolated.




identified as quartz, calcite, dolomite, feldspar, illite, chlorite and
kaolinite, although the following secondary minerals were alzo recorded:
gypsum, Jjarosite, pyrite, mixed layered illite--—montmorillonite,
montmorillonite and swelling chiorite., The feldspar minerals detected

could not be individually identified although considerable effort wss spent
attempting to implement the X-ray and optical techniques of Coodyear and
Duffin (1954), Smith (1956), Smith and Yoder (1956), and Wright (3.968).

Theze complicated and laborious procedures were discovered to be

excessively time consuming in sediment analysis and are considered appropriute
only for igneous rock studies where considerable feldspar is often available.
ASTII identificaiion of feldspars also proved fruitless because it is

essentially based not on the mean peek positions as these occur within a

very narrow range on the diffraction trace, but on secondaxy peaks. In
all {ihe shale samples studied, however, no secondary peaks were detected
presumably because the feldspar concentration iz low. Atlemphs at separating
the feldspar content from the other minerals were also.inconclusive.
Dr. McCaleb of Sun 0il Co., kindly examined a number of shale samples with
high peak area measurements of feldspar (e.g. samples 96 end 170) contained
approximately 20% orthoclase and little or no plagioclase feldspar. This
result seems dubious in the light of petrological investigatiohs of the
shales (Chapter 8), where distinct. albite-twinned plaéioclase laths were
recognised. In this study, e decision wes therefore made to employ the
general term féldspar for the X~-ray measurements taken.

Apart from basic identification of minerals in X-ray diffraction
traces, it was possible to interpret shapes of X-ray peaks and examine
order-disorder phenomena, mixed-layering and detrital versus secondary

origins for some of the minerals.
Eslinger et al. (1973) studied X-ray diffraction patterns of fine-

grained quartz and on the basis of relative intensities of the X-ray

diffruction pesks from the (100) and (201) crystallographic planes, were




able to.distinguish detrital and secondary forms of quartz, Fige 3.2
illustrates the differences in the X-ray patterns of detrital quartz (a.).
and secondary gquertz (b) and for comparison, a typical Xansas shale patizrn
is presented (Fig. 3,3). A1l sanples from the Upper Pennsylvanian and
Lower Permian, in fact, revealed the presence of detrital quartz.

Kaolinite X-ray diffraction traces show two intense pezks, one at .
approximately‘12°29 and enother at 25029. The second of these peaks is

indicative of the degree of disorder present in the crystal structure

(Hinckley, 1963; Noble, 1971), and also of the environment of sedimentary

deposition. A well crystallized kaolinite ('hard' kaolinite) is associated

- with the marine environment, whereas poorly crystallized ('soft’),kaolinite
is formed in fresh water. Both are often recrystallized, leached and form
detrital kaolinite but the two types still.record ﬁiffering X~ray patterns.
Multiple pegks in the region of 28°26 are characteristic of well crystallized
keolinite whereas one simple peak at 24029 is common in poorly crystallized
samples, Kansas kaolinite patterns show similarity to well-crystallized
kaolinite indicating a marine environment of deposition for Kansas shales
but the degree of crystallinity is lower tﬁan expected gnd is probably the
result of diagenetic activitye.

Mixed-layered clgy minerals are ccmmonly found in argillacecus
sediments and may be identified using the glycoiation and heating effect
described previously. However, their presence ié often indicated by the
form of the illite pezak a% 8.7029. A sharp peak indicates no mixed-
layering whereas asymmétry towards lower 29 values shows that some mixed-
layer minerals are present. INMost Kansas shales exhibited slight asymmetry

in the illite peak indicating the presence of mixed-layered minerals.

X~RAY MEASURWLZ TS HADE Oil SHALK SAITPLES

The following X-ray measurements were taiken on samples prepered

.~ . Y
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Fig.3.2 X-ray diffracrograms of fine-grained quarfzes showing the relative

intfensities of the diffraction peaks from the (100) and (1CIl) crystallographic

planes. (a) crushed quartz, (b) Brassfield Limestone, insoluable residue,
(After Eslinger et al (1973)).

X | 1
25 20
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‘Fig.03.3 X-ray diffractogram of shale sample no.3. within range i7.5-
27.5°20. The quartz peak distribution matches that in Fig. 3.2a above
and indicates a detrital origin for the quartz in Kansas shales.
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‘were taken of the guartz (100) pesk at 26.66°20, the calcite (104) peak at
29.47°20, the feldspar peak et 27.7°20, the dolomite (104) peak at
30.05°28, the kaolinite (001) peak at 12.36°20, the illite (001) peak at
8.70°26 and the chlorite (001) peak at 6.87°28. Then peak aress were
calculated for the quartz (101) pesk at 20.85°26, the calcite (104) peak,
the dolomite (104) pesk and the feldspar peak at 27.7°28. Interference it
from other mineral peaks was negligible avoiding, therefore, inconsistent
peak area measurements. Finally, using the celibration charts for quartz,
calcite and dolomite developed in Chapter 2, percentages were estimated.

A feldspar calibration curve could not be established because of the
identification problem mentioned previously and no curves could be set up
for clay minerals as variable crystallinity prevented exact matcning of

sample clay minerals and "spikes". The results of the X-ray diffraction

analyses are presented in Table 3.3.

STRATIGRAPHIC DISTRIBUTION OF MIWERALS

X-ray measurements described previously were taken on the major
components of 128 clastic rock samples from the Upper Pennsylvanian and
Lower Permian of Kansas (Table 3.3). The stratigraphic positions of these
samples can be seen in Fig. l.14 and their geographic position will be
found in Appendix 6. The results can be summarised as a statistical table
(Table 3.4) and as a series of graphé (Fig. 3.4), showing the mathematical
distribution each mineral describes.

Quartz forms the major mineral component of most shales and varies
from 14% to 96% as a unimodal population with a slightly_skewed distribution.
The tail towards the higher value end of the histogram is produced by a
number of ssndstones and siltstones with high quertz values. .

Stratigraphically, the distribution of quartz in Upper Pennsylvanisn

By

N T ar




Table.33 Results of X-Ray diffroction analyses of Pennsylvanian.and Lower Permian shales of Kansas, U.S.A.

X-RAY DIFFRACTION MEASUREMENTS

Quartz Calcite Fieldspar Dolomite KAOLINITE  ILLITE

— e s A

r =N s N~ N7 ~
Sample PEAK PEAK  PERCENT  PEAK PEAK  PERCENT  PEAK PEAK PEAX PEAX  PERCENT PEAK PEAK
Number  AREA HEIGHT AREA HEIGHT AREA HEIGHT  AREA HEIGHT HEIGHT  HEIGHT

18 1€833.03 100.03 $7.00 119,39 2547.03
19 7393.00 319,09
20 284,00 €962.00
21 4227.02 219,23
23 4019.09 2979.00
n 7208.0) 4304.3)
25 6806.07 4534,30
26 8200.02 $377.33
27 4273.00 23%%.33
s TAAS,. 02 $845,00
T 9564.00 1.0
3 6152.03 3)71.00 2.99
32 6754,00 3692.00 00
3. 0456.00 7012.00 8.29
3o 5688.07 15487.00 4015.01
3 27109.03 217719.00 1989,.2)
b1 6C0),00 3950,00 4872,90
.0 6543.0) 154,00 4583.39
Al 4176.00 13700,00 3494.30
) 5875.03 0 49%1.22
“ 8240.00 0 539900
A7 66359.02 L]
a0 4319.00
34 00
so 9
53 4087,03 811,30
oy 8721.0 3437.30
" 8113.00 A371.33
1 8926.00 8044,30
1sC 5971.02 19
a7 6915.02
elA 6259.22
(3
12 8142,22
o6 381193
15 3201.93
3 4098,20
157
181 ATTION
29 TT48.0 475430
29 14173.02 AOATID
290 16877.02
284 6662.00
a7 T243.02
201 1036%.20
125 13387.09
1le ® ot
1o 13 0
n2 11034.27
128 6916.07
130 Abu9.0C
79 A584,.00
151 & «20
Lr 6738.02
L1 8497.20 IsTs.C0
ol s811.03 32%2.00 124,32
e 11781.00 2265.00 ¥+ 29
135 3041.03 11092.00 23 23
121 18913.00 1982.00 1804,00
138 5141.23 A20%.C0 431400
136 6398.00 $20v,00 4535.32
137 4293.03 4982.30
149 £859.00 5475.00
15¢c 8987.0 8272.23
152 Teyr.0C A888.00
153 TiC5.C0 SA17.39
155 9670.00 5785.00
1cs T453.00
107 T152.0C
109 2872.0
94 4540.09
9% 9900.22
97 6IAT.07
14s RO9T.CD I'CJ-::
101 7558.20
122 4013.07 2 00 $010.33
78 859,07 55C1.00 slasOn
148 ©908.02 1346.00 453430
162 «20 2439,00 5974.00
163 3023.32
171 524400
1713 487300
188 5928.32
192 354,02
194 5073,00
176 171,22
isc a2 20
181
184
185
188
187
197
200
205
rs
208
209
281
262
212
213
264
47
235
238
249
248
234
25c
226
227
21
2
243 00
244 <]
an +4
2353 00
31 T.99
2356 0e
285
200 o
210 3
a2 .
Eadd
00 ABNALDD Fith)




TABLE 3.i Summazy Statistics of X-ray Diffraction Measwrements

Fi = peak height; PA = peak area; % = percent

X-RAY NEASURELENTS

MINERALS QUARTZ CALCITE FELDSPAR DOLOMITE KAOLINITE ILLITE CHLORITE

STATISTICS PH PA % FH PA % PH PA PH PA % PH PH  PH
BRR 768 BA11.0 36.2 26,9 7648.0 10.9 13.6 4332.0 13.7 430 94  .45.5 28.8  17.6
Deaaore 254  2673.0 13.4 28,5 6546.0 8.6 6.8 1537.0 20,7  4LB.0 9.4 10.0 10.9 i ol
Median B s Mo E BAoL.0 7.0 13.0 L251.00 7,0 3067.0 6.0 16,0 205 17,
Winimun PR 0 3.0 1982,0 3.0 3.0 1368.0 3.0 134.0 0.0 - 4.0 7.0 9.0
Meximam  100,0 18913.0 96.0 100.0 30646.0 41.0 39.0 9967.0 100,0 23333.0 52,0 540  62.0  33.0

4
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Fig. 3.4 ilistograms showing the variation and distribution of the major mineral components measured by X-ray
diffraction; peak areas for (a) quartz, (b) calcite, (c) feldspar, (d) dolomite; peak heights for (e)kaolinite,
(¥) illite, and (gJ) chlorite. Vertical scale is O to maximum value in |0 divisions. Numbers on the right of
@ach histogram are the tofal number of sompies contributing to each division.
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and Lower Permian shales (Fig, 355)% can be interpreted in terizs of five
zones.  Firstly the Pleasanton, Xensas City end Lansing Groups axe
distinguished by samples with relatively low concentrations of quartz
(from 17 to 57%) and large fluctuations in concentration betiwreen semples.
Secondly, the Douglasg Group clastics are rich in quartz (up to 85%) as they
coneisgt mainly of coarse silts and sands, whereas the succeeding Shawnee
Group shales are characterised by variablg quartz concentrations (16 to
96%). The Wabaunsee shales have more stable quartz values (21 to 52%)
indicating consistent environmental conditions, and e gemeral tendency for
snaller concentrations in the younger beds. This is reversed in the Lower
Permian Groups where increased values are recorded in Chase Group samples.
Nevertheless, the percentages determined are still low (14 %o 48%).

Feldspar measurements of pesk areca (Fig. 3.5) and pezk height
stratigraphically very in a similar manner to the quartz distribuiion
indicating a detrital association between the minerals. The graphs
correspond within the Pleasanton, Kensas City, ILansing, Shawnee and Lower
Permian Groups, but the high quartz values in the Douglas samples are not

LI

present in the feldspar measurements.

Periods in vhich low quartz values are recoxrded such as the Shawnee,

Lower Permian, Pleasanton, Kansas City and Lansing CGroups are marked by

% Note that the stratigraphic distributions illustrated in Chapters 3

and 4 with the exception of Fig. 3.17 are calculated by averaging, for
individual stratigraphic Members, all included sample values. 3By cerefully
examining the mineralogical and geochemical resulis, most of the data
variation was found to be between Members rather then within Members, allowing
a certain degree of artistic licence in illustrating ihe stratisraphic j
distributions. 7Tt is primerily for simplicity of illustration therefore
that sample averages are employed. However, it should also be noted that
interosretation of these distributions takes the generalisation into account
and that the fisures considered oi major importance to the coneclusions drawn
in each chapter, contain all sample values (Figs. 3.17, 5.8, 6.19, 6.24

and all distributions in Chapter 7).

To eane the interpretation of stralisraphic distributions produced
in Chapters 3, 4, 5, 6 and 7, a summary succession is presented in Fig. 3.5,
A fold-out copy of this section can be found at the end of the thesis,
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intensive carbonate generation. Both calcite and dolomite distributions
(Fig. 3.6) show low values in the Douglas and Vabaunsee Groups (averaging
5°to 10% carbonate) whereas calcite shows high concentrations in the
Lower Permian, Upper Shawnee and Kansas City Groups end dolomite has high
values in the Lansing, Council Grove and Chase Groups (Fig. 3.6).
Differences in the pesk area histograms of these minerals (Fig. 3.4)

indicate a possible cause for the variation between carbonate stratigraphic

distributions. The calcite histogram approximates to a "normal®™ curve
(averaging 15 to 25%), whereas dolomite shows a bimodal histcgram with
one gfoup of samples with low values (5 to 10% dolomite) and another with J
exceptionally high dolomite (50% average), indicating that the dolomite
present may be of secondary diagenetic érigin as opposed to the primary i
precipitated calcite. Petrological evidence (Chapter 8) supports this
conclusion. 4 . g
The three major clay mineral components have skewed (kaolinite and i
illite) oi irreguler bimodal histograms (chlorite). There is little
evidence for stratigraphic control of clay mineral distributions (Fig. 3.7),
although in the Upper Kansas City Group, a series of highs peak height . ;.
values are recorded for all three clay minerals, One can also, by

inspection of the data, note a similarity (quantitative details will be

presented later) between the clay mineral distributions and a lack of
similarity to other mineral distributions.
Summary trends of mineral distributions show evelutionary patterns

in shale mineralogy throughout the Upper Pennsylvanian and Lower Permian

e R —————-

(Fig. 3.8). Quartz, feldspar and the clay minerals have negative trends,
and the carbonates, calcite and dolomite display the reverse. We can

infer, therefore, that génerally, the environment of deposition was

conducive to carbonate precipitation in the Lower Permian and to the

development of detrital clastics in the Upper Pennsylvanian.

This environmental association of minerals is supported statistically,
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can be made.
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e similarity watrix (Table 3.5). Here we can see that quartz,

st

in t
feldsper and clay minerals have high pcsitive correlations and fora one
combination of minwrals whereas the carbonates hzve negative correlations
with respect to the other minerels. High correlations are recorded
batween quartz and calcite; kaolinite, chlorite 2nd illite and beiween
illite and calcite. These are produced primerily by the inverse
relationshin.between mineral groups characteristic of clastic and
calczreous deposits, and by z closc environmental relstionship between
the clays.

Cn examining the mineral distributions by eye, it is apparent that

-

quartz end calcite show repctitive veriability in a stratigraphic sense,

i.e. there is a stratisraph

<

cillution of peaks end trouziis in the

0

c O

=

distribuiion of quartz and calcite in Upper Pennsylvauian and Iower
Permioan shales. This, we can interpret in terms of changing sedimentary
environments. For example, shales in the Pleasanton, Kansas City and
Lansing beds oscillate between caicite 2nd quartz dominated mineralogies.
This pattern is repeated in the Shawvmec and to a miror extent in the Lower
Permian. Between these oscillatory stratigrephic zones; there are beds of
relatively quartz-rich shales, namely the Douglas and Wabaunsee Group
clastics. It appears, therefore, that there are two cycles of evenis
being recor&ed in the guertz and calcite mineral diatributicns, firstly =a
short~term bed by bed oscillatory variation and seccndly a long-term

Group by Gxroup repetition,

The observed mineralogical periodicity in the sediments zen be
tested using a statistical procedure designed originally for wave-form
enalysis in electrical engineewving, Fourier anelysis, and the natural
cycles reccognised. A series of computations have to be performed priox
to the Fourier analysis, however, to transform the data into a suitable
form for entry into the computer prosram. Initially, using a lineaxr

interpolation procedure (Apwendix 1) the data is changed from sample



TABLE 3.5 SIMILARITY MATRIX FOR THE MINZRAL DISTRIEUTIONS

employing correlation coefficients. Note that although peak area
measurements were used for quartz, calcite, feldspar and dolomite, and

peak heights for kaolinite, illite and chlorite, the correlation

coefficient is a unitless measufe and as such the original measurement

units have no influence on the similarities recorded. Cnly the lower g
half of the correlation matrix is reproduced as this is a mirror image

of the upper half. Correlations significant at the 95% level are

indicated by * and at the 99% level by **,
QUARTZ 1.00
SLDSPAR 0.26%* 1,00

CALCITE -0,62%% =0,43%* 1,00

KAOLINITE 0.20% 0.10 -0, 32%% =0,24%%* 1.00
- . : °
ILLITE 0.26%%  0,23%%  =0,52%% =0,24%* 0.73%% 1,00

MINERAL QUARTZ FELDSPAR CALCITE DOLCMITE "KAOLINITE ZILLITE CHLORITE



values with irregular depth intervals to a pattern of values taken at a
constant depth interval. An interval of 10 feet (3.05 m)* waé chosen

as the most practical equal spzcing interval as Schwarzacher (1967) has
shown that the snallest litholoziecal cycle occur abt intervals of 45
feet, and any larger equal distsnce would obscure these cycles., The total
number of data points is, in this way, increased from 128 to 218, In the
case of the quartz disftribution shown in Fig. 3.9a, it was noted that
although major peeks correspond to those in the raw data plot (¥ig. 3.5),
it was possible that through this interpolation process, there may have
been a significent alteration to the raw data variability and trend. A
linear regression anzlysis however, showed that althqugh the trend and

roodness of fit measures had chansed, the differences were accevntzble
(3} - ) 2 3

i.¢. goodness of fit increased from 06 to .13 and the correlatioa

09

coefficient from 26 to «37. The équal spaced data was then run through a
Fourier analysis and the raw power spectrum calculated, is shown in Fig.
3.10. It can be seen that the two main peaks corresponding to the 3rd and
7th harmonics (multiples of the fundamental wavelength chossn i.e. 10 foot)
are indistinguishable from surrounding points. loise in the equal
spaced data may have produced this povwer spectrum fuzziness, An ll-term
smoothing operation on the raw data, hovever, removed the short-term noise
‘and revealed the power spectrum shown in Fig. 3,10 (dashed lines).
Features retained in the smoothed power spectrum include two main peaks at
the 3rd and Tth harmonics and subsidiary peaks at the 5th, 11th, 13th and
14th. These indicate fundamental periodic elements in the quartz

distribution with 30, 50, 70, 110, 130 and 140 foot intervals, that may be

Note that it is now a normal policy in geology theses to quote
istances in metric terms. Certain portions of this research wexe,
hovcvor, nerforned befove mebrication was an accepted practice and some
esults will therefore be guoted in feet. This particularly applies to
Fbu;ler aralysis results. However, in most sections of this thesis,
adjustments hove been made and diztances are quoted in metres with feet
in brackeis.
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explained in terms of oscillations in the quartz values of Pleasanton,
Kansas City, Lansing, Shawnee and Iower Permian shales.

Although these features wére recognised initially in the quaxriz
distribution, no evidence for these conclusions could be found in the
power spectra of dolomite, feldspar, illite, chlorite or kaolinite. In
caleite's spectrum on the other hand, a peak was developed at thé Tth
harmonic and ‘a plateau at the 3rd. However, the negative a2ssociation of
calcite with quertz in all these results, may only be a reflection of the

closed data set under examinetion (see Appendix 1).

MULTIVARTATE STATISTICAL ANALYSIS OF THE MINZRALOGICAL DISTRIBUTICIHS

In the prévious section we have noted how some minerals vary
stratigraphically in relation to each other, and how some show periodic
elements in their distributions. However, it is very rare in the Earth
Sciences to find a single factor such as guartz percentage controlling
the development of sedimentary environments. It is normally a combination
of variables that produces the overall sedimentological effects, e.g., in

®
{ansas an assemblage of mineral distributions may relate more approximately
to the periodicity of shale deposition than one mineral phase.

Multivariate classification techniques enable the investigator to
quantify the relationships between variables and classify shale samples
into groups dependent on the variable relationships. The distribution of
individuals within the groups matched against depth, éan then be used to
indicate stratigraphic divisions not praviously noted and any repetition in
the shale group aésociations.

With this in mind, an R-mode principal components analysis of the
peak area measurements of quartz, calcite, feldspar and dolomite and the-

peak heights of kaolinite, illite and chlorite was performed. Three

components were found to be significant (i.e. eigenvalues greater than one),



The principal axis component loadings (Fig. 3.11 and 3.12a) revesl

similar relationsnips to the-simple correlation coefficients. On the

first compcnent, the carbonate minerals have high positive loadings
whereas illite, chlorite, kaolinite, quartz and feldspar have high negative
loadings. This component can therefore be considered as an indicator of
clastic or carbonate conditions of sedimentary deposition. Similarly, the
second component's high positive loadings for quartz and feldspar and

high negative loadings of calcite and clay minerals reflect the detrital
versus non-detrital origin of most of the shales. Quartz and feldspar are

cecmmonly associated with detrital sediments and calcite is normally a non-—-

detrital mineral. It would seem at first .glance, unusual to note a
connection of clay minerals with calcite, but it must be remembered that
many of the thin shales occurring between iimestones in the Kansas City
and Shavnee Groups have high values for bofh calcite and clay minerals.
Alternatively, this component may reflect the high quartz and feldspar
content of some coarse shales, silts and sandstones and corresponding lack
of calcite and clay minerals in these samples. The high negative loading
of dolomite on the final significant component represents the influence

of .the irregular dolomite distribution and may be an indicator of primary
or secondary mineral origin., As noted previously, the irregular
distribution of dolomitic shaies indicates a diagenetic origin for the
dolomitic shale samples. We can now express the variation of mineralogy
in the Kansas shales in terms of three geologically interpretable components.
An attempt can, however, be made to clarify the geological interpretation
of the components by emphasising the loadings of the influential variables
using the varimax and p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>