
KANSAS GEOLOGICAL SURVEY 
OPEN-FILE REPORT 75-1 

A Computer Analysis of the Geochemistry and Mineralogy 
Together with the Petrology of the Upper Pennsylvanian 

and Lower Permian Shales of Kansas, U.S.A. 

by 

John M. Cubitt 

Disclaimer 
The Kansas Geological Survey does not guarantee this document to be free from errors or 
inaccuracies and disclaims any responsibility or liability for interpretations based on data 
used in the production of this document or decisions based thereon. This report is 
intended to make results of research available at the earliest possible data, but is not 
intended to constitute final or formal publications. 

KANSAS GEOLOGICAL SURVEY 
1930 Constant Avenue 
University of Kansas 
Lawrence, KS 6604 7 

Missing Page #73



A 'l'.hesia }x.ti tled 

A CO'r-;.E0'l'IB AHALYSIS OF TEI~ GE-OCBJI11IST:B.Y Arm 1m;E?!.P_I.r.GY 

TOGEI'HER WITH 1r.EE :FE"i1ROLOGY OF T!IE UP?~ FZl.illSYLV ArIT{1 

AUD LOWER FER!H.lt~f SH.ALES OF K/i.WSAS, t; .. S.A. 

Submittsd for the degree of 

DOCTOR OF PHILOSOPHY 

5.n the • 

FACULTY OF SCIEWE 

of the 

. UlUVC-.JRSIT;,- OF LEICESTEE 

by-

B.Sc. (Leicester) 



• ,I ; 

ABS'I'n . .:\.CT --~ -·-··...,._ 

The objectives of this tr!esis 2..re two.fold; firstly, to conduct a 

detailed geochen ::.cal, rni:nerB.lo ~ical a~d petrolo sical su_r•vey of the -Upper 

Pennsylvanian and Lower Permian Shales of K8.L"1sas, U. s. A., a_71d to relc.1,te 

the variation observed in the stratic;:r-9,phic and tectonic fra.r:.ework of the 

.!ild-Continent,,. during this period. Secondly, it ·was necessary to stud~T the 

instrumental techniques applied to fine-grained rocks, to develop 

standardized procedures and where a:pp:ropriB.te to impler!lent new technirp;es. 

Six facies are developed in K~nsas s:-iales - 9. sand and siJ.tstcne 

facies and a brown claye:r sh f>.le facies, corres~onding to del taic sends ::!!-:c:. 

silts and prodel taic ns.rine IiIU.ds respectively, a ca,lcareous e,~sy 

facies and a black shale facies, deposited in nor1~~1 m~rir.e er-d re£t~icted 

marine environments respectively, and two minor facies, a purple az1d red 

shale facies and shale partings in Limestones. The first two facies 

normally constitute the thick shale Formations (outsice shales) se~arating 

Limestone Formations in which the second facies pai2:- develop (inside s~eies). 

The facies distributions subdivide the stratigraphic section into five 

zones - the Pleasanton and Lower Ka.'11.sas City Groups (with cycles o.f n~ine 

and deltaic shales) the Upper Kansas City, La~sinc e.nd Douglas Grou~s, the 

Sha,,mee Group ( containine- cycles), the 1.!abaunsee Group a.T1d the AQ-:1ire, Chase 

and Council Grove Groups. 

A cor!!bined stanc1ards re~Tession techni(lU9 1•ras ir.1pler:;,:r:"l-ted 

qua.'Ylti tative X-ra~,r diffr2.ction. enalysis o:f shale nineralos:y. The s~ear 

technique of' XRD sample prepP~ration uas s _1own to be sup~rior for 

dist .i..ngn:i.shin3 bet~·!een s!1E.le s~r.'l]_)les al thouch the pressed pellet ar-d 

appropriate to this stu~,... Dlajor oxide and trace ele!Ilent concentrs.tim1s 

~,ere deterMined by enission spectrosco-py. Structure.I sites of ions in 

shales were. estin~.ted h:r electron E'pin rc:::;on~rce. Fe.brics of s~ .?.lcs were 
.. , 

examined by scanni!lJ electi·on microscopy ar:<1 Microno:r11hoJ_o.3iccJ. techniques. 
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The Uppe;:- Ca.z•bo:rd.feroua (PGnnsylva-riicn) and :Pr-rmJa.n atra,tig.!'a.:;hy • \ CI 

Kansas, U.S.A. bas been ex":ensively studied in the pa.st 100 ye~3.1•1..:; 

culminating in t he deirelopri;ent of the :revo2utiona.r.y concP-:pt oi ~JcliG 

sedimentation by R.Co Moore in the 1930's. From a deta:.led exe..mination of 

the lithology arid palar;or1.tolog-,y of limestones in e ~3,st~.rn Kansa.3, the 

repetitive sequence of characteristic fossilife.rot1.s limestones was 

acco11-T1ted for by cyclic changes in s edirc2nt ::u"Y e!lvi1.·onments. This cor~~r:1rt 

ha s developed dramatically in the past fifteen years wi tb t-J.pplicat:iono to 

many di-ffarent stratigraphical horizons and areas. For example cyclic 

s ediments have been described from Worth .Araerica and Eu~ope by WellE;z- (J:956, 

1958, 1964), Read. (1961, 1965, 1967, 1969), Merrien (1964), Duff, !!ar:_am 

and Wal ton (1967) 9 Read and Dean (1967, 1968, 1972), Reyment a.r.d Collinso:n. 

(1971), Read. and Merriam (1972), Mayers and Worsley (1973), and .fro;n 

Australia by Johnson and Cook (1973). It is notable tha-f; althol!gh the 

concept has been widely accepted by geologists as a true represents.t:;.o:a of 

sedimentary processes, the original "ideal cyclic sequence" (i•:oore, 1936) 
a 

is still being questioned. 

~loore's ideal cyclothem, representative of much of the Upper 

Pennsylva.nial1 and Lower Permian succession of Kansas (!·1oore, 1936, 1949, 

1950, 1959), contains ten lithologicai and palaeontological units 

including six or more elastic units. Moore based this cyclothec1 on the 

occurrence of characteristic limestones - a molluscan limestone, a ft~silinid 

limestone and an algal limestone. However, the interverdng poorly exposed 

shales have been studied only superficially and their r.ineralo.gy anu 

petrology is largely unknowr.. It is on this point that the two serious 

alternatives to Moore's hypothesie seem to dwell (Davis and Cocke, 1972; 

Schwarzacher, 19~7, 1969). These concepts ere based on a -th::ee-sta.t ... 

depositional system (limestone, thick, cos.rs~, sandy a.~cl silty shale6, end 



thin caJ.cax·eous shales) which we:r:e 0.eve10,ecl fr~!!l corr:tui0r._.01:ientat;ed 

' statistical analyses of detailed lithological and stratigraphical 

inv~stigations. 

As a further :possibility, tectonic ieatures of the Mid-Continent, 

U.S.A., suggest the presence of fom:· possible shale facies - a elastic 

wedge lithology similar to Ferm's AppalachiLJl facies (Fenn, 1973) derivea 

from the Ouachita. Mountains of Arl:ansas and Texas; a del taic sandstone and 

siltstone facies derived from the lowlands to the east, northeast and 

southeast of Kansas; a normal marine shale associated with fossilifer&us 

ma~ine limestones; and a restricted marine blac~ shale lithology. 

In the light of the recent revival of interest in cyclic se~imcnt~tior, 

it is most important that the confusion surroundi..'Yl.g the "classic" ~yolio 

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 reco ... d 

during this period. 

The poor exposure and monotonous nature of Carboniferous and ?ermirui 
0 shales in Kansas has hindered previous attempts to differentiate sha.le 

types in the field. The fine-grained nature of the shales has also 

precluded optical microscopic investigations of mineralog-3 and petroloe;y. 

Instrumental techniques have, however, provided considerable iniormation 
. 

about the geochemistry and mineralogy of fine-g.cained elastics (Van Hoort, 

1972, 1973; Reimer, 1972) and their use has proved to be especially 

illuminating in the study of shales (Davis, 1967). T~ee tecimiques, in 

particular, X-ray diffraction, providing details of the mine~al composition 

of shales (Chapter 3), emission spectroscopy provldinff trace element 

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 geochemistry of the Carboniferouo and 

Permian shales of Kansas. 



From raw geoc~emical £"..nd mineralogical data, it may be impossible 

to differentiate shale types manually. · However, with the aid of e 

computer, statistical analyses 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 and 7). To relate this classification to field identifications, it is 

also necessary to •cievelop petrological and lithological classif'ication by 

caref'u.1 examination of thin sections and hand specimens (Chapter 8). Fabxic 

analysis using scanning electron microscopy can elso provide additional 

Lnformation for distinguishing shale types (Gillett, 1969). 

The three classifications of the Upper Pennsylvanian and Lower 

Permian shales of Kansas qu.rrently under examination can be compared with 

t he combined geochemical, mineralogical and petrological classification. 

Any repetition of shale types based on the classification derived within 

~his thesis, can then be explained in terms oi the stratigraphy, tectonics 

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

PURPOSE OF THE PRESENT RESE/Lt:iCH • 

This research project has a two-f'old objective. The primary aim is 

to make a detailed geochemical, mineralogical and petrological 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 coI!llllonly used in 

the study of f'ine-grained shales, to improve the techniques by standardisation 

of' analytical procedures and, where necessary, to develop new techniques. 

Mineralogical data on shales is readily obtained by X-ray diffraction 

f'rom 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 technique. Quantitative analyois of shales has, 



however !I proved um:e 2.ic•,ble because of i.rregulari "ties in laboratory 

conditions and equipment. rphere"·'o,...e __ ., J. - ' standa.rdizetion of techniques, 

instruments aJ1d co11ditions is necessary before detailed quantitative 

analysis can be perfo~Gd (Chapter 2). 

4., 

Emission spectroscopy is ~elatively ll.l"..lmo~m to the sedimentologist 

yet geochernists have used it widely (Celenk, 1972) to calculate major and 

minor element geochemistry of rock samples. Although rather low accuracy 

estimates of ohale geochernist~y a..:.-e produced, the information is surficiently 

definitive to statistically disti~guish shale types (Chapter 4) • 

. Electron spin resonance, a technique new to sedimentolo€Y a~d 
. . 

relatively unkno,-m in geology, was introduced to aid the ·classification and 

geochemical interpretation of shales. The distribution of certain ions in 

shale samples can be determined by ESR and related to th8ir environment 

of deposition. 

The combination of complex instrumental methods and microscopic 

techniques was designed to establish the nature of the shales with the 

Upper Pennsylvanian and Lower Permian of Kansas, U.S.A. F...ypotheses could 

then be built to relate the geochemical, mineralogical arld 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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CHAPrER ONE 

STRATIGRAPHY AND TECTONIC FRAf1EWORK OF KANSAS 
.. . . .• . 

-
DURING THE UPPER PEt{NSYLV AfTIAN AND LOt'ER PERMIAN 

• 



INTR0DUC'TI0N ____ .._ ................ 

The pri~e.ry objectiv& of this thesis, as praviously s+,~ted, was to 

examine in detail the U:ppe:t· PermByl-vanlan ancl Lowe2: Perruia.n elastic 

deposits and relate the mineralogical, geochemcal and petrological 

variation observed to the st!.'atig:ra:phic and tectonic framework of the 

period. . This chapter essentiaiJ.y pro'7id.es the background info::cma.tion upon • 

which the later chapters are based. 

A summary of the stratigraphy is presented, emphasising current 

ideas about the elastic sediments 9 in order to elucidate descriptio~ of 

stra.tigi;aphic variation in later chapters and to pro·vide the basis for the 

next section in this chapter, cyclicity of the sediments. Interpreted by 

Noore (1936) in terms of oscillating environmental ·conditions, sedimentE?.ry 

cycles are recognised in the Upper Pennsylvanian a.;-i.d Lower Permia.ri by the 

occurrence of distj_nctive limestone lithologies. However, a number cf 

alternatives to Moore's original interpretation have been proposed, based 

on recognition of both characteristic elastic and ~on-elastic lithologies 

(Schwarzacher, 1969; Davis and Cocke, 1972). Therefore, the di.scussion 

of cyclic sedimentation presented, emphasises the probl€ms associated with 

Moore's concepts and the current aJ.ternative hypotheses. 

In recent years, a rev~val of interest i~ tectonic control of 

sedimentary cycles has been enhanced by modern theories of plate tectonics 

and sea-floor spreading. The introduction of this new aspect of 

sedimentology has produced another interpretation of the stratigraphic 

column in Kansas. A full description of this application to Kansas geology 

and the implications to this project are presented. 

As this chapter provides essential, but also previously doc1.L~,ented 

information, it is considered ur..necessary to present any conclusions herein. 



-· 
STRN.PIGRAI-1ff -------
The Upper Pennsylvanian 

The Upper Pennsylvanian outcrops L~ !1id-Continent North America 

from Iowa through Nebraska, r'dssouri and Eastern Kansas to Oklahoma and 

consists of .approxima~ely 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 marine fossils 

whereas the intervening shale Formations averaging 15-30 m., are generally 

poorly fossiliferous. 

The Upper Pennsylvanian stratigraphical section (Fig. 1.1) consiste. 

o:f 2 Stages - the llissourian and Virgilian. The Missourian Stage lies 

unconformably on the Desmoinesian Stage of the Middle 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 of 10-45 m. of shale with some 

sandstone, limestone and coal (Jewett et al., 1965). The irregular basal 

Hepler Sandstone 1'1ember 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, 1949; 

Runnels et al., 1953; Rose and Ilardy, 1967) and orga...l'lic r.iater~al (Jewett, 

1940). Some lenticular sandstones are present in the Tacket Forms.tion and 

are locally known as the Knobtown Sandstone and Charlton Conelomera-te 

(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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UPPER PENNSYLVANIAN SERIES 
VIRGILIAN STAGE 

_,,-- Brownvi lle ls. Mbr. 1 l I 
r~ Pony cre~k Shale r.it=:1 I 

&,.~--=""'-·::!Y"IS"--~ol'U Ls. Mbr.7 Wood S1d1nc I I 
-:.:fl· -'- Plumb Shale Member -7 formation I 
:g~ = '•, Nebraska C1ly ls. Mbr 

~;::~~~=:C:'- frcnch Creek Sh. ~ .c 
• ·, J,m Creek Ls. M~ i!oot Shale ::i 
~:{ !~ fr iednch Shale Mbr. I 

} · J~"\· Grandhaven ls. Mbr. 
::-f: ·, :_.: { ~ Ory Shale Member Stoller limestone 

J . ::-:·:.:.:: ~= , Dover llmulone Mbr. Pillsbury Shale 

.!!! J - -\ ~J:!:--L .. ;.·,,'-_i.,__----M-,-ao...,1_e_H.,..,..,.11-Ls-. .,..M..,.b_r_--+--Z-e_a_n-da_l_e_---t 

f Wame110 Shale M,mber ' limtslone __ :j~ Tarkio l imestone Mbr. 

'.;·\}\) : j Willard Shale 
--- - --- _,,,--E-lmo--nt_l_l_m_es __ to_n_e_M-br-.--+-------1 e 

, . . . . . . . . HarvtyY1lle Shale Mbr. Emporia .J!f 
;:~~~Lb!~~~~~l-:L~im~e=s~to~n~e-~ -~ ' Rudin,: Limestone Mbr. ,,, -

_ ..... ',./; Auburn Shale 

e.::~_;;_ ~ -=-~.=_:i::.~. _;;;;; ;:;_;:::· _:::...._~---_-_vwi,a~ki,a_r;;;U_!'S_a;-_j":Ls.i]M_fi_b;;r_.:-_-_-_~r-D-~-li-.m-.-.. _-n-e1 
...._ Soldier Creek Sh. Mbr. ""'" ~"' 

Burhnnme Ls. Mbr. 

Silver lake Shale Mbr. 

Ruf'> l imestone Member 
£Imo coa! bed 

Cedar Vale Shale Mbr. Saanton Sbale a. 
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· - ·-·-· QO 
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Turner CT11k Sh. Mbr. 
,,. Sheldon limestone Mbr. 

Jones Point Sh~I• Mbr. 
Curzon Limestone Mbr . 
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LOWER PERMIAN SERIES 
GEARVAN STAGE 

Htrinrton ls. Mbr. 
/ Paddodl Shalt Mffllbtr 

Krider l.imatON Mbr. 

,, Cressw,u Ls. Mbr. 
Grant Shafi Member 

Stovall llmestoM Mbr. 
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cross bedded 1 locally thid:eni1:1.g -to form carbonate buildups (Hall, 1961; 

Merr:i.a.m, 1963; Cl':owley, 1969; Heriolin~ 1969; Heckel, 1972a, 1974). 

Thin discontinuous coal beds occur in. the middle of· the Ka..""lsas Clty Group 

and s9veral "paper-thin u black shales act as ~1a.rker .horizons. This Group 

contains a number of limestones t:hat wedgB out in Southern Kansas eng~ 

In Southern Allen County the Wyandotte Limeston9 pinches cut b=-inging t!'.!G 

Bonner Springs Shale in contact vi -th the LaiLe Sha.le to fo~m a. sirigle 
- . . -

inseparable unit termed the Lane-Bonner Springs Shale (!1erriar.1, 19£3). 

The Lane Shale has therefore been interprete~ as a deltaic pl~tfo~m upo~ 

·w . ich the Wyandotte L:.mestcne algal be~s of Eastern Kansa~ were formed 

( "rouley, 1968). .Another <i-el taic elastic com::.:lex, the .B-Jnner S;•rings 

hale, then covered this buildupe Sir1ilar algcl reefs h~ve bee~ r€pc~ted 

in the underlying Iola (Heckel, 1969), Dennis (irrost, 1968, 1975), Swope 

(Mossler, 1970, 1971, 1973; Scott, 1970), Cherry-.rale (rIE.,:;kel, 1969) ar.ci 

Hertha (Heckel, 1969) Formations. In.formation on the intei--vening beds, 

with the exception of the Ch2.I1ute Shale (Hall, 1961; Schutze, 1969) is 

minimal. 

Confo~ably ove:r:J.ying the I(g.nsas City Group is the Lansing Group 

consisting of t-wo thick limestone Formations separated by one shale 

Formation. At the base, the Plattsburg Limestone consists of 7 to 28 m. 

o.f limestone and shale, thickening towc.rd.s the Oklahoma borde~. AJ.gal 

buildups in the Plattsburg Limestone of Southern Ka...Tlsas has attracted much 

attention as possible c.,il traps (Davis 1 1959; Harbaugh, 1959, 1960, 1964 J 

1965). The Vilas Shale Formation (Kinell, 1962) varies in thickne~s and 

lithology southwards, directly attributable to the su_~ounding marine bari~~s 

(Harbaugh, 1959). It is eene-rally a :':il')notonous, ur! . .fc-::r:-r-.15in')US i~i..""le shale 

but locally bi::·d.s of sandstone u.ad fo~silif'e1:ous ~f.i.?!dy lii,1estones a:ro 

found (Zeller, 1968). The Lansi:ng culmina.t~& wi·;h the Stanton L~f?stone 

Formation consist.ing of' tlu·ee limestone and t• . .;o sha1.o Members. Tb.c 
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Members (Wilson, ls>57a1 1957h, 1962; Ilec~cel, 19?2a, 1972bf 1974) a,.,d 

the Eudora black Shale Memb8Y comprising approximately 1 ~. of greyish-

black fissile shale with :phosphate nodules overlain by l ru. to 2 m. of 

calcareous green-grey 8-"11 da.--ck ~ey shcle e.nd is :::ecogniE;i;-d both in 

subsurface Bnd outcrop. 

The Douglas Group (O'Connor, ~963) consists largely of coarse shales 

and sil tstones with occasiunal inpersistent thL---i limestones and local 

sandstone channels. A few thin coals make suitable marker }m:-.~izons (e.3. 

Sibley coalbeds). Beds in the group thicken from 80 re. (260 ito) in 

Fort hern .. Kan.sas to 130. m~· -(420~··:rt~)., .ciri"lhe 'Kahs:.a:s/0?..{ai~;Ii~:· \:ord.e1~- but"------=-~':. ,_ -:.:: •• 

precise identification of horizons is :problematic 8.s distinguishing gi~oss 

1:·. ·hologic9l characteristics a.I.'<;: giencrally l&cking and the Lower boundeh-cy-

with the Lansing Group is often obscure (.Ball, 1964). However, deltaic 

sandstone channels have been mapped in this Group by Winc:.j.ell (~957), 

Sanders (1959) and Bower, (1961). The Lawrence Shale ]'o:r-ma.tion (U-:ipc-r ' ... .... 

l)ouglas Group) was thought by Hoore (1936, 1950) to represe:1-t a tra~sgressive 

phase of sediment deposition. FauJ1al evidence now indic'at<?s that e 

restricted, marine environment existed and that no cha..~ge frora marine to 

non-marine can be inferred (Hakes, 1973). The Douglas Group is therefore 

considered to be a non-marine phase separating the generally ma.rir..e ph~ses 

of the Lansing e.nc1. Shawnee Groups. 

The Sha,.-mee Group consists of four Limestone Fo~a.tions - Topeka, 

Deer Creek, Lecompton and Oread Limestones - separ&t€d by chick shales a..~d 

silts-tones. Coals and sandstones are t:>-i..n and of local cccurrence only, 

e.g. the Elgin Sandstc1~e (.Brown~ 1966, 1967) is a d.eltaic dist:=ibutary 

complex that only outcro:ps in South-Central Kansas. The thick 1ii:.e~tone 

Formations have been extensively d.escl.'il>ed by Brown (1956), Per~ci!'ls et al. 

(1962), Toomey (1964), ~1•1rcell (1965, 1969), Galle and Waueh (196f;) and 

Grieseger (1972) ir, terms of ru3Xine de~~~ition&l environm~nts, cut the 
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intervening Ka.rr,,a_"'.ca, TecTI!i!seh ~nd Calho1!.Il Shale Foroations are alr.1ost 

unknown. ~rhLi shal es found i n the limestone ?ormations (Rowell, 1973; 

Von Bitter, 1973; Brcndoz, 1974) are also poorly described with the 

e:;~ception of the Heebner Sha.le (E-v-ans, 1967), a pa,per thin black shale 

lying between the Leavenworth and :Plattsburg Limestone Hembers. This is 

a very distinctive horizon and is consistently recognised both in outcrop 

and borehole~ (Nerriam, 1963). Ev~s (1967) and Heckel (1972a) have 

related this charact er istic black shale lithology to a restricted marine 

ba.sin envir onment with anoxic bottom conditions. Shales of this type a.re 

recurrent features of the Kansas City, Shawnee and 1·Tabaunsee Groups and 

f i nd extensive use as marker horizons (Moore, 1936, 1949, 1950, 1957). 

The Wabaunsee Group conformably overlies the Shawnee G~oup and 

·on3i sts pr8domnantly of shales and limestones with local aandstone 

lenses and several thin but persistent coal beds~ the Nodaway and Elma 

coals. The limestones are normally indistL~guishable but the Dover, 

Zeandale and Howe.rd Limestones can be recognised by their lithology (Merriara, 

1963). Channel sandstones occur in the Richardson Subgroup and often 

con£use the normal shale-limestone sequence (Mudge, 195~). A number of 

important underclays occur in association with the co&ls, e.g. Nodaway 

Underclay (HcI1ill~'1, 1956). The total group thickness is 165 m. (540 £t.). 

The Permian-Pennsylvanian boundary has been placed at the base of 

the Indian Care s~ndstone of the Towle Shale Member (Zeller, 1963). This 

is unforttmately a. poor choice of bouniary as it is a channel sandstone 0£ 

local importance only and is often difficult to recognise in the £ield. 

The Wellington Formation (Cimarronian Stage of the Lower Permian) has bee~ 

suggested as an alternative by Branson (1960a, 1960b), and there has been 

recant palynological evidence for a. Pennsylvanian-Permian boundary above 

the Eskridge Shale (Wilson, 1973). However, there is general agreement 

that little is to be gained by moving a boundary that has only reached 

reasonable stability in the past three decades. 
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The Lowc:-c PGrrtian 
-=.,oa-......,._..-.~~~-,ff~ 

The Lower Perrai~"'l rocks of Kansas have been subdivided into tv;o 

Stages, Geru:-yar- (below) and Cima.rronia.n (above). The .Admire Group iorms 

the lowest division of the Permian ~,d consists of shale deposits with some 

thin limestones a.nd coal beds~ The - sequence is similar to that of the 

underlying Wabaunsee Group and is difficult to differentiate on lithology 

alo.ne. Conformably overlying t ne Admire Group is the Council Grove Group 

comprising approximately 100 m. (325 ft.) of limestones and shales in 

f ourteen Formations. The limestones are generally thinner and less raassive 

t han those in the overlying Chase Group, but they form a greater proportion 

of · t he total thickness than in the 1.h~derlying Groups. Another i:t1dication 

of changi ng s edinentary conditions is provided by the sudden increase in 

ed and varicoloured shales (Merrirun, 1963). Together with cherty 

limestones, these characteristic sediments are interpreted by Moore and 

~Ierriam (1959) in terms oi 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 palaeoecology of the Red Eagle Limestone 

has been inter:preted in similar terms (1-foCrone, 196 3) and the Eskridge 

Shale has been examined in connection with the Pennsylvanian-Permian 

boundary problem (Brookins and Chaudhuri, 1973) and depositionsl 

environments (Fells, 1950; Moore, 1957, 1959; Mudge and Yochelson, 1962). 

Red shales, green shales, cherty and dolomitic limestones characterise 

and divide the Chase Group into seven alternating predominantly shale-

and-limestone Formations. There is a noticeable increase in the nUr.!ber of 

evaporite horizons suggesting some restriction of the Kansas sea at this 

time. Little information is available, however, on horizons in the Chase 

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

examined palaeon1;ologically by Cuf .fey (1967), Newton (1970, 1971), wa..~er 



s&diwe1:.tologica.ll:-r by Ha·i:;tL7 (1957) t::uc:. Lu:tz-G:i:.:-:ilic:n and Guffey (1973) • 

H.C. Moore (15362- l949~ 1950, 1959) has rec:o~:.ised. repetitive 

aseociaiions of sedinents in the Pennsylvania, and Perm2.L, stratigraphy 

of Kansas which he te:rmed cyclotherms and interpreted as :r:ecurrent 

transgression/:r-eg:cess:i.o~ sequences. The typical or "ideal !I cyclothe-ci 

( Fig~ 1.2) consis t s of ten beds sp...netrically developi~G irom a non-

.marine sandstone or shale (O, la) up to a. fusili.11id liPlestcne (5) ., .... . . . - - -. . - . . . . . 

representing the culmination of normal na.ri.ne transgression, a.--:d then 

bac!'" t o a non-marine shale and oa.'lds·tone bed ( 9) , representing tho 

regressive marine phase. This "idealn cycle is char.~cteristic of 1,,!a.baur'Jee 

Group sediments (1•:oore, 1949). 

However, this is not a common occurrence in Kansa~ and a nv.mber of 

different cyclic sequences ne.-ve now been recognised. In the Shawnee 

Group, for axample, the most d.isti.nct cycle consists of a, black shale 
• 

followed by thick limestones separated occasionally by thin calcareo,~e 

shales (?ig. 1.3). Frequently a thick, coa:rse, non-marina shale occurs 

between- each group of thick limestones. The Lansing and Y:.ansas City beds 

also contain eyci.(. thems that bear no reseBbla.nce to the ;!ideF.l" cyclothmn 

and Abernathy (1937) !1oted little correJ.ation bi=:tw2e;i Cherokee cyclot:':lems 

(Desmoinesian Stae-a) and the "ideal" cycle. In the Perrrl1.an beds, cvcles 

were recognized by ?fooro and Herria.m (1959) and Elias (1937, 1964) a.?1d 

are diacri-·c:..rr:r.mtical1y s~arised in 5-ig. 1. 3. The ~aric.tion in Kansas 

cyclot~"ems is surJlllarised in 'l'able 1.1 end. it is clear that tn.e "id~al u 

c .. vclothera is certainly not the tyJ:-'icsJ. cycle develo..,.._.,ed iu ~"1S~-s. ,IA-· .t" - ,· ....... J.a.r:t 

(1963) has pointed cut th3.t th.is .. tcriution is result of tl1l: non-clevelopment 

o.f particula:c beclc o= their nevelopnemt and subsequent dss-tructio~. Howeva!.", 
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Ffg. I.L' [H:1grc:.irr,n1~tlc section 01: Pi?nnsylv~nlan rocks in Kansas showing the "Ideal cyclothem" (after Moore 

and Merr·iam, 1959). 
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Fig. 1.3 Generalised sections depicting cyclothems found in the Pennsylvanian and Permian Systems of 

Kansas, U.S.A. (adapted from Moore, 19~9 ~nd 1950; Moore and Merriam, 1950). 



~'ABLE 1 .1 VARIATION IN KANSAS CYCLO~'HEMS _________ __. __________ _ 
PE ms YLV .AN L\N 

Desmoin~sian Missourian Virgilian Lower Permian 

Cherokee Y!ll.rma ton Kansas City & Lansing Shawnee Wabaunsee 

Sh.ale, calcareous 

LiJnestone 

Shal&, Brey Shale, grsy to Limestone Limestone Limestone 

brown or Limestone 
c· ., ,..,till ... e, blac:}k Shala, blaokjl Sha.10 or Limestone Shale,marine Shal6,ma.rine Sha.le marine . 

pl.~-tey with marine fossils black 

Coal Coal' Co:tl Coal Coal 

Und.erola.,v Under.clay Ur:dercls.y Underolay Underclay (Evr::pori tes) 

Shale (sandy) :-3hule (sandy, Shale (sandy to Shale, Shale, Shale, non-

sil'ty:and clayey) ole.yey) non-triB,j:•ine non-marixie marina, red 

S:lnclttonCJ s~ndstcne, Sandst.:ine, Sandstone, Samlstone, 

non-me.r~--ie non-rrarine non-marine fine 

micaoeous 
4-

roor 1 19~-9 'ooz·e, 19!1-9 Moore, 1949 Mool'e,1936 l core, 1950 Moora & llerriam, 1959 t-1 .:-:. 
• 



15,, 

Branson (1952b) dcscrib0s tha sit 1:.ation mor~ forcefully: 

"A genereJ. mis conception of the ne.turc of cy~lical sed.ioenta h~z 

been widely held. An ideal cyclotbem has not been found and in th~ Hid--

Continent, no cyc]_othem approaches the ide8l. fi:he normal well-developed 

cyclothem of the area s and there a.re fe:•; such, is shm·m" in Fig. 1.4. 

In comparison ~ ~ooTe (1959) considered that the different Upper 

Pennsylva.~ian and Lo~er Permi8.Li sedimentary cycles recognised were mino~ 

variations of the "ideal" sequence. RG::petitive occurrences of these 

cyclo:t;hem varieties ·were also noted and tGrI!led "cycle of cyclothems" or 

megacyclot hems. The Sha~mee succession consists of two distinct cyclic 

sequence~ , a simple shale sequence which corresponds to one Habaunsee 

·.~ rclc.d;her 1 and the more cor:1mon corr:plex limestone-shale seq_uence w!1ich with 

s me imagi nation , corresponds to 1 ox 3 Wabaunsae cycles. As a result ti1e 

ShaHnee succession could re?resent a sequence of complex and sil!lple cye;les 

or r1eeacycloth0rns. 

The scale of cyclicity in Kansas sedinents has nou been extended to 

include hypercyclothems - repetitions of four megacyclothems with 

intervening detrital u!lits C:!eller, 1958), and magna,.:yc!othems - repetition 

of major stratigraphic units, genetically related and systematic in size 

althoue;h not corresponding to systematic boundaries (Merriam, 1963)c This 

exteri.sion can only be of dubious value as the basic cyclothE:m unit is 

still so inadequately de.fined. Branson (1962) e,,dded that meeacyclcs and 

hypercycles are so impsrfect that t~ey can be regarded only as hypothetical 

units possibly· indicating some sort of recurrent condition. 

Megacyclothems have been :.reported from many different stratigraphic 

lev~els (Fig. 1.5) but it should be re-...lised that although Pennsylvanian 

and Permian successions in Knnsns consist of' alternating elastics m1d 

carbonates, neithE-r cyclotlic1us nor mcer~.cyclothems have been reported from 

a.11 divisions. The Doualas Grol21, for example is carefully avoided by all 

advocates of cyclic scdiTii.ent:.1.tion. 



-91 Shale, dark, unfossiliferous, with ciay-ironstone concretions 
. 

8) Limestone, ]oca]ly rich Tn fustltnids 

7) Shale, grey, containing myalinid -fossils 

-6) Limestone or clay-ironstone, marginlferics abundant 

:5) Shale, black, fissile, phosphatic 

::4) Coal 

3) Underclay 

2) Shale, silty, fossil plants 

·1) Sandstone, non-marine, locally eonglomeratic 

i.g. ! , 4 The "norma ! '' eye I 0th.em CBranson, I 962b, p, 4491 .. 
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s,~oton limestone 

+ ?la:t~turg Limestone 

t 
Wyandotte 
Limestone 

i~ol11JS tmei:t.in: 
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1"/infielj limestone 

·~ .-:-. . . . . . . -

Iola L11ne:;tone 

_L - - ·- Lecompton limestone 

Barn,~or: Limes!one 

Oread limestone 

Swope Limestone 

...... . · .. · .. -~ 

1 'lir!ford limesron! 

+ _L 
3!3ttse Limestcne 

Fig. 1.5 Megacyclothem5 recorded In the uppe r Pennsylvanian and Lower 

Pcrr:iian of Kansas. Major formations are nomt.?d in each cycle. (lnforM~tion 

from Moore, 1949, 1964) 
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Althou gh co;u~ U!li t s~ :r.~.xticula'l.":Ly li~es'tones, can be -t.rr:.ced ..::r.·<-,m 

Oklahoma t o Peru13ylvania (Hoore, 1959) and. cover areas as la.r6€! as 80 9 000 

sq ,, ml. (Duff, HaJ.lam and Walton . 1967), j_i; is not e:-i"y to see how 

indivitlual cyclothems and mega.cyclothen'.S a:ce ·ielimited. Duff, Ha.J. la,u and 

Halton have noted t hat uni ts a1.·e not toe i nfrequently assigned to diffarenJ; 

cyclothems in differ ent studi es , presu:nably indicating how i.:icon.rplete ti1e 

cyclothems are. This i s further examplifiecl by the v-aria.t.io:r:. in the 

number and t hicknes s of cyclothems recordea.. wan).ess (1950) recoenisr~d 

25- :50 cycles in Kansas , whereas Branson (1962) identifi ed 60 frcro the 

0kl aLcmn./ Kansas bo:r:de:r , 41 containine coals and Me:r.'ria.m (1963) says that 

85 ~ycl es can be i dentified from the base of the Chero~ec to the ~op of 

t he . e_1nsylveni a..Y1 syst em. In comparison, Kosanke et al (1960) :reccgnis1:;d 

only :,7 from Illi110::.s. 

Schwarzacher (1969) analysed the Kansas City and Shawnee cyclothe::"Js 

_a,themat ically and developed a different cle.ssification of litholog:.t:s 

based on Herriam's (1963) original field descriptions. This cyclothem 

could be described as consisting of five limestone and on€ shale units in 

each cycle (Fig. 1.6). "Liffiestone l" to "Limestone 4" a~ separated by 

inside shales, of which the black shale following "Li1nestone 2 1t is the 

n:ost characteristicr The reduction of the elastic beds f'rom the nideal" 

six or seven units to an outside/inside shale subdivision st ill preserves 

the cyclic nature of the sequence and quantitative analysis ~eve~led a 

13-20 m. (42-65 f't e) oscillation. This compares with a manual determine.tic:! 

of 24.5 m. (80 ft.) for the averag3 cyclothem (Schwnrzacher, 1969), the 

difference being attributed t o the classif ication of the Doue;las Group as 

an outside shale. Schwa.rzac:1er ad.I!lits thR.t this classification raay be a 

mistake. geoloe ically but states there is no evidence for a missing cycle 

and it is obvious that the Douglas Group r-;;pl~esents abnor?1:al sedimentary 

conditions. Such irrerrulari ties a.re eliE1.inated to a.ti extent usin~ ·the 

method of recurrent probabilities and it is for this reason that th~ 



EXAMPLE 

LIMESTONE 5 Clay Creek 

OUTSIDE SHALE 

LIMESTONE 4 Kereford 

LIMESTONE 3 Ervine Creek 

LIMESTONE 2 Leavanworth 

LIMESTONE Toronto 

OUTSlDE SHALE 

F i.g. I. 6 Exarnp I e of s imp I if i ed eye.I othem (.after 

l 969). 

0 



recor.st1.'"Ucte-<l. cyclO'";h&~ is a 7aluab1 e uid to inte:z:-pre·t.ing tha n2t1.!.re 0f 

t!le succession. 

17. 

Moore's cyclothem would be id~al lithologi0al states if one 

¥ere able to recognise the phases by itR litholo~.>' and fa.uneJ characteristic~. 

Howe-.rer, available descript ions d.id not 2.llou such an idcnti.ficatior.., r.or 

to the author's knowledge has such ar1 attempt been success.ftc.l. A less 

detailed classification is possible. By combininG lithologieB described 

as nyellowish shale, shales with plant · fragr::ents, silts, sa."'1.ds and 

s a1 :l stones" into one group and r1grey fossiliferous shalez, shales \·Tith 

p:re : minan-tly mollusca....~ fauna", and ublack fissilB shales" into a se(;c::id 

• • ,-.1p, two staJ~es can be obtained which closely -resembled outside and 

i 1: ·l' e shales . Thus a three state system could be adopted consisting of 

1 :-i ·• .:~~tone , outside shale and inside shale. 

Pearn (1964) distinguished only five lithologies in Pennsylva!1i~n 

sedj_ ents which constituted a revised fo:i:-m of Hoare' s ''ideal" cycle ( .Pig. 

1.7) .. Certain problems were recognised in classification by these fiv~ 

lithologieG, yet it uas noted that the average cyclothem observed iu 

Kansas wuuld be similar to that proposed by Moore (1959~. 

Davis and Cocke (1972), on the other hand, recognised sevente~n 

lithologi@s including nine elastic units in a study of Ka..~$aS City ar.d 

Lansine Group cycles. Using a technique knm-m as substitutability a...-rnlysis, 
. 

a classification procedure that groups states on the basis of their contexL 

in a sequence, it was concluded that lithologies must be gro"..lped into 

fewer than eight states before any cyclic pa·tterri emerges from the 1Jppe:;: 

Pennsylvanian succession. 

~urther analysis revealed that the stratigraphical succession 

co·L-i-tains a pattern of' alternating ~alciJ.uti tes, calca:teni tes e.nd narine 

shale~. Sporadic incursions of co!?Xser se6.iment m?y inte~·rupt this 

pattern at any poi~t It may, therefore, be inferred that the various 

limestones and. insJdt? shale i'aeies ere inte:z:relatcd ancl the oc.~u:rr.cf"'ce of 



5Q Llmestone wtth fusi llnids and mot Iuscoids 

4q Shale, moltusco(ds dominant 

3. Limestone with molluscans 

2Q Shale non-marine with coals, shaie with molluscan fauna 

la ~andstone 

Fig~ Io 7 Transgressive hemi.cycle C.af-ter Pear-n,' 1964). 



to have r~o great significanc8a In CJnt:rast, the coarsr;r cut side ~h~les 

depositional pattern. Thus~ Davis end Cocke infe1'.' that the lim0stone-

inside £hale depositional e.c.vi:ro"ne:it consti httes the norrr:.al sedireente.tio~ 

pattern with an occasional i;:1flux 0f coarser outside sh~les. 

Negacyclothe1ns are not recognised in detailed examin.e.tion of thi:; rocks 

a.l'ld, in facts cyclotr,em:3 ar:d. m86acycloth~ms m-':ly be c!1aracte:ristic only of 

idealised successions. Alternatively, cyclothemc may de:p~nd upon 

characteristics net ex-i:•resse1 in tce _lithologica.l nnture of the rocks 

themseJ.ves~ 

Moore's '!idealn c:y-clothem a.."1d megacyclothem have, therzfore, beE-r~ • 

que::stioned. by detailed. analysis of :repo:!'tedly cyclic sequences. Yet t.1er~ 

are mcl.L"1Y notable geologists who accept cyclic sedimentation without 

doubt. Zhemchi1zhnikow (1958) wrote: 

"Those who accept ~hythem in nature will find it when it is rather 

indistinct~ a.--i.d they will arrive at proper conclusions. 

want to, will not find it even when it is obvious." 

Those who do jot 

It is necessary to resolve this conflict of opinion end ~olcgists 

(Peax:a, 1964) hg.ve suggested that detailed lithoJ.oe:icc:1, palaeoutoloe;ica.l, 

geochemical and mineralogical studies of the Pennsylvanian and Pe:rmia..11. 

deposits in Kansas may provide~ solutio~. This research hopes to shed 

some light on the mineralogical and. geochemical nature of the .fine-g-ca5.ned 

elastics within the succession and to relate this to the possibl~ 

repetitive n~tur~ of the sediments. 

zhal lo'-.' cpeiric .:;,_a (rr2c.kel 1 1972a., 1972b) Lnd s?.0.imsnt w~s continutlly 



synclinal struc-~uros (Fig .. lc-8) Local and ext0:cn~l tectotJic 

affected the sed:i.m&ntary succcGr:. i.on tln:ouchouJc Kf'.nsas and 'dell ~-r (1956) 

1,, 
)c: 

,-rent a,s far as to propcs0 -~hat c,/ clic patter.!:rn 5.n jfr:'TI ... as sed:i.r:J:-:nts are e, 

product of tectonism· alone. Tnc:rofore, to prc-:sent a complete 9ic/cu..re of 

phe!lomena that J'fl..?:-Y be responsitle: for cyclic seclii. ei1t2:::i0n; it is necessary • 

to su.rrune.rise the sb."uctlJ.ral and t&ctonic features of Kansas anr1. 

neighbouring state~. 

Structurally, Kansas is split into fj 7e -regio:rn (I1crriai:1, 1963) 

tha·t: were 2.ctive d ,.ring the Penns,/b.rH:1ian a~d l?el."'!1ien eras. .F'irstly, th.& 

FC"'' t City Ba sins occupying the no.rth-east a.11d eastE:rn edge of tb~ state, 

i n re; 1ant of the P-a.:clier North Ka"!1s21.s Basin ,.r.d has been· a de:9osi tiona.l 

:;,~ s i nce the Arbuckle period (Lower Ordivician),. It contains 

pp.~:oximately 1300 m., (4000 ft .. ) of Palaeozoic ·seclime~ts ·.lyj,ng ·o.n . . : .. . . .... .· , 

Precambrian me-ta.rnorphics with the greatest thicknesses of s~dirney,ts 

recorded on the basin's we~tern flarJcc The basinal axi~, the .Brow.r.viJ.lc 

Syncline (Condra, 1927) trends slightly east of north and lies close to 

the axis of the l:e1r.aha Anticline producing an asyr.1,:1~tric:al basin profile. 

The Nemaha structural zone ,,as active during the Hississippian 

(Branson, 1962b; J.:erric...';., 1963) and. was in part block faulted down -the 

east side. Some sediments were eroded fron the nortl--tern end and depos.i.ted 

alon3· the eastern fln..'1:-:. The enticline separates· the Forest City fusin 

fror.1 the Salin2~ .Basin (Read, 1954), a post-1-1ississippian syncline trending 

northwGst~•nrds and phmGing northwards ,'liti'l the grec1test thiclm.:•sses of' 

sed:L11 €-nt recorded in Uorth--Cen1::ral K::,.;1s .. -.s. 'I'o the sontll\1est of the Salin 

.T::m;in lies an inCfi stinct unnai""'Jed saddle (iie:::.•:"iam, 1963), dcl:tr.12.ting the 

" n • h S "ne· ·J· c'c n-:.s; n er .. t,e o J. ·(.. o ea 0 ~. . • .D::.. .... • ':2nis shelf-like:', north=-=rly-phu"'.~incr area in 

fen.tu .... e. Southwards, sedimel'ltai.~· .facies che.nGe and thic·-cnesses i 1c:r.-ease as 

t.he Sedgeuick .fa.,sin p~.sscs into the Anud~r:}:o eeos3--nclir:i.e.l basin. 
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E3 Shorr-: 11 ne 

Uplci::.:!s 

I. Arbucklei,ts . 

3 . /\rnc.1ri I lo 1.,~ I: ft 

4. Apishapa uplift 

. ·- -. .. .. 
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i,:arine structural unitsE:] Uplift _ 

7. Forest City Basin 

8 . N maha Antic Ii ne 

9 . Sa Ii na Basin 

iO. Central Kansas up Ii ft 

II. Hu90-:-on ernbayment 

17 . [ c I I·. :rt : rJ3 in 

14. An3.J,, ko basin 

I ~. Pl~inii ew basi n 

IC. For·! ',•;orth ~-:is in 

) 

17. LI ano up I i ft 

18 . r.t.idland basin 

19. Scurry p I atform 

20. Ceritral bas:n p :atfor~ 

21. Delaware basin 

27- . Diablo platform 

23. Nor th\oiest,::rn shelf 

24. Ccrilrat Colorado tro~g~ 



Flawn et al, 1961; Branson, 1962b; Rascoe, 1962; Wi Ison, 1962; 

Merriam, 1963; McKee and Oriel, 1967; Clark and Stearn, 1968; 

Troe I I, 1969; Dott and Batt~r., 1971; Fagerstrom and Burchett, 1972; 

Heckel, 1972a, 1972b; Hi I Is, 1972; Galloway and Brown, 1973; 

Lumsden et al, 1973; Ross, 1973; Jacka, 1974 and Werner, 1974.) 
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The extent of i:!13 J'rt!.:-:;sissippis.,.1 beds in Kansas ou.tl:i.nes the 

northern-trending prc: -:.Oeamoinesian, post-Mississippian CentrH.l Kansas 

Uplift, and in the ~:outhwest lies a Iaxge ::hel.f•--like extension of the 

Oklahoma Anadarko :&win, the Hugoton :Eznoayment (!=~aher and Coll.i.nes, 1956). 

These areas s-:,,:pa.rate the tectonically active De~1.ver and lilladarko Basins., 

with seo.irnents t;hickening considerably off the shel.f. The Hugoton Err!bayn:cr .... 
,, 

developmeni; wa s coI!!pJ.eted by the I·fe:sozoic with a peak du.ring the ~asmoinesi.a:-i 

Tecton~c activity in these regions made a distinct impr~ssion on 

the sedimentary succession of Kansas but these effects were of raiJ.1e,r 

sign:ficance in comparison to the tectonic activity in Kansas's neighbourins 

s tat s : in. Okl r-•hoL'la and. A~kansas, the Ouachita orogeny was reaching its 

pee.le ·n the Per..nsylv&.nian and Permian; in Colorado, Idaho and New He::dc".1, 

the ancestral Rocky Ho~ritaj_ns were· developing rapidly and in I·lissouri, -the 

Ozark Dome was shedding sediments into the epeiric sea cover·ing K81!sas. 

These events were pa.:cticularly important in the development of the 

sedimentary succession in Kansas and should be re-examin.ed in the light of 

recent developments in plate tectonic theory. 

Surrounding Kansas there£ ore during the Pennsyl va.riian E!ld Permian, 

were a se1.~ies of mountain ranges stretching from the Ozarks of Nissom·i 

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 sediment deposition in the 

shelf seas of Kansas and Colorado (Fig. 1.9). 

Considering firstly the Ozark Dome of East Central Missouri, we 

find that the area re:nained a. complex uplifted block of Precambrian and 

Cambrian igneous and sedimente:ry rocks from the early Palaeozoic. Although 

channel sandstoHe3 are revealed in many Pen..11sylvanian deposits including 

Wabaunsee and Lower Per!11ie.n sediments (!finds and Greene, 1915; 1<:t'.dge, 

1956; I-:uc:[;e and Yochelson ,1962), the Dome is co:~siclered to be stc.ble 

durine- ~his period (E:i.ias, 1964) and. sediments deposited in the Forest City 
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Ftg. 1.9 A schematic section i I lustrattng detrital sediment buildup ih Kansas with the orogenic development 

of the Ouachita foldbelt. 
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Basin were p:;:orJominantl;r s:i.J.ts and c.:.~.yno 

To the? ~out.h 1.., f the Ozark Dorr:e lies Mountains (lCing, 

1961; MorriG, 1973; Go:rdon 2-.nd Stone,. 1973; Haley and Charles, 1973; 

Viele, 1973), an .Arkanse..s ::z::,.ngB that dE:veloped d1.D:"ing oroger~ic movements 

in the Hississippian. Pennsylvani.~! and Pe:r-mian Eras (Keller an,1 Ccbull, 

1973). Structurally c..sso~i2-ted with the Ou:3-chi tas, a:re tl:0 Arb1:.ckle a.na. 

Wichita Mcuntains of OkJ.alJ.ome. and -t.h~ Amc,rillo uplift of. Texs.s. This • 

cha.in of mountain~ fonc:G one arm of the Ouachita - A:ppa.lachiaI1 -tectoni~ 

region (Thomas s 1973) tha t has been iY'·~erpreted in terms of the I 1e1.:ey Gr:.i:1. 

Bird (1970) model for a thermall~·-d:civen co:cc.illeran-ty})e rr.o,.:nta.i..Yl. beJ. t 

by Keller and Cebu.11 (1973):, Rowet-f; end \·!aJ.:pe::c (1973), 'lal:per anti R-:,wet~; 

(1973), Cebull and Keller (J.974):, Cebull et al. (1974), Grif:in (1974) 

aod Rowett (197 4). It is gcl).erally accepted thB.t the Ouachita orogen::.c 

belt represents s, contiJ?.ent/arc collision (Walper. a.'t'ld. Rowett, 1973; Ra.tcher, 

1974) marking an early event in the opening of a Pl.etc-Atlantic oc~a.n. 

Walper and Rowett also propose that the Ouachita. orogenic belt is ccntiY?"t1.'~d 

in the foldbelts of Mexico and Central A:•!!erica and that apparent offsets in 

the tectonic belt are 02.nifestations 0f ancie~t transfo:.im .faal ts. • 

Developmen~ of the. o.::. .. ogenic belt ,•;ill be discussed in detail subsequs!ltly .. 

In Colorad(.) j :North0rn New Mexico and South0rn Ida.11o, a cha.in of 

mountains commonly lmown as the _i\ncestrc1l Rocky !fountains developed in 

response to orogenic movements during the Late Devonian to early 

Mississippia.vi or early Pennsylvanian intexval. Sediments were shecl into 

deep basins on either side of this chain during the Penusylvsniau and 

Permian Eras developin& appr,-,ximately 5CCO m. (16250 f't.) o~ coarse clasti~a 

in the Denver Basin (Chro~ic, 1964). No e~sterly sediment transport 

directions have bean recorder!. in West Kansas as the effects of the 

orogenic movements were limited to Colorado o.r-d littls 8edi~ent ?:'eached 

Kansus. 

Tho t.nccst1·.:~1 Rockies a.re cont:tm1ed in Idaho by the Bi&,horn 



-.. 
Houn-La.ins a long sinuous 1r-01 n"\iain chai1~ car king t.1 :c :·re stern bo1.1.nd 2r;r1 of 

the Powder Rive r Easino UnduJ.a,ting dolt~,ic lm·1la rnl s persi ~t f1".'0;1.J No:-r·th 

Dakota to the Oz.ark Dome ai."ld for~ tha boundary fc-c the Po1.ver Hiv~r Baoin, 

Denver- B:-1.sin and KanGas shelf ~r..a. ~.he lo;.,lruu1s i.10:re not tce·~onically 

activ e du:ring Pennsyl vanien and Perrn:i.an ~nu. su~ ;Jl:i.ed lj rni ted 

ouantities of sediments to the basins~ ... 

It would. a-n-:1 ea:>: theI·efore tha:i; the Kansas shelf sea was surrounded - .;.. 

by l o·.•.rl ands and orogenic no1.1ntain belts.. Houever, onB narrow 0:1.annel to 

t h e 0 1 an marine seas in Nortl-:- ~·.'est Texas existedc 'lhe Dalhart Basi.r.i.j 

s ~ _·"··L·-ting the !~ •: arillo Uplift end the ApisI1a:pa Uplift (part of the 

_\nce: .. rt:r..·:J.1 Rock · c s) 9 formed a shallow bar.r:ie:r. bar during the Pennsyl vania...vi 

and 'e:r·, 1ian end produced in e}:treme conditions, a st:r-atificat;ion of the 

s ec c- in tl~e Kcn s a s area, anaerobic bottom waters and t.be developr~ant of 

a hla c c shale litholoey ( cf o Black Sea seclimGnts (Jleckel, 1972a, 1972b)). 

To illustr a.te . the tectonic d_eveJ.opment of the Hid--Go-;1tinent durin6 

the Pennsyl va.nian and Permian, three :pa.laeogeographic r.1aps e:re presanted 

(Figso 1.10; loll; 1.12). Initially, in the early _Palaeozoic, a 

Benioff zone was instiea:cecl in the Gulf Coast region of :.Texas a.no. slow 

move:nenJc of the oceanic plate down -the I3-;nioff zone 1.·esul ted in the 

development of an orogenic zone in Arkansr-s, 'I'exas and Oklahor~a. A 

shallow shelf sea extended northwards from the orogenic belt onto ihe 

stable cratonic continental c:r·iJ.st of Ieat!sa.s, with a. deep subsidi11g basin P 

the .Anadarko B3 sin, separatin;~ themo During the early Pennsyl var..ian, 

development of t:1e orogenic bcl t 1.-eached its pec.k, c~S an "oro~en~9 \•rel t" 

rose and great thick"m~sses of flysch ,.~E"::c-e deposited on the collapsing 

Ove~, tL.e shelf .. tb:-i.nning :r.-:,,pidly nn1.··ch·,-·.:-!.rC::.s, r-..nd in th€ Forest H_i lls B .... ~:1· ..... 
L • """'-' •• 1' 

tho thicker, conrser s~1ale~ ri12.y rt!:prese1 .. t the f~ner fraction of the 

n elastic: wed6e II li thologies. ':!:'he flysc:1 c e_posi ts \- ere followed in the 

late Pennsylvcnien/early Permif:n pe:riods by a. mollasse facies Nlrkin~ the 
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Fig. 1.10 Upper Pennsylvanian (Missourian Stage) paleogeography of 

Mid-Continent, U.S.A. (Adapted from Sloss et al, 1960; Rascoe, 1962: 

Wanless et al, 1970 and Moore· and Nelson, 1974). 
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Fig. I. I I Upper Pennsylvanian (Virgi lian Stage) pateogeography of Mid-Continent 
U.S.A. (ad apted from Sloss et al., 1960; Rascoe, 1962; Schuchert, 1963; Clark and 
Stearn, 1968; Troel I, 1969; Bott and Batten, 1971; Heckel, 1972b and Moore anc 
Ne I son, 197 4) . 
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Fig. I. 12 Lower Permian (Gearyan Stage) paleogeography of the Mid-Contient, 
U.S.A. (adapted from ~loss et al, 1960; Rascoe, 1962; Schuchert, 1963; Elias, 
1964; McKee and Oriel, 1967; Hi I ls, 1972; Ross, 1973; Seyfert and Sirkin, 1973; 
and Moore and Nelson, 1974). 



cessa.tion of sucduction i? .. ad. orogenic ?.ctivi.ty. Subseqc.ently, 

stabilization of the o~ogenic belt resulted in the disappearance of 

"elastic wedges 11 from Kansas and the development of evaporitc/ca:rbcnate 

sedimentary sequences. 

Bott and Deans (1973) studied stress diffusion at plate boundaries 

and noted that movement along subduction zones was of cyclic nature, i.a. 

movement along the zones \:as possible only when frictional resista-nce was 

over come by continually increasing pressure originating from the .mid-ocean 

ridges . It is to be suspected that similar conditions existed in the 

Penn~yl va..nian and we can infer that the Ouachita }fountains development was 

cyclic and that the occurrence of thick coarse "elastic wedge" deposits in 

Kansas is a reflection of this cyclic mountain building. This rne.y account 

f or the regular repetition of coarse elastics in the sedimentary succession. 

The excessively thick. Douglas elastics may also be explained in terms of 

sudden large scale orogenic movement (possibly, the culmination of the 

Pennsylvanian orogeny) in the Ouachita belt. 

Thus in Kansas during the early Pennsylva."P'lia.n, it is postulated 

that -the rise of the Ouachita system deposited thick cldstics in the 

Anadarko Basin and during sudden uplifts in the mountain chain as a result 

of cyclic subduction, elastic 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 ~hales (Heckel, 1972a). 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 elastics 

were deposited from deltas on the lowlands to the east and north of Kansas. 

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

this period providi,1a coarse elastic sediments for the Denver and Powder 



River Basins but b.ed little 6.irect effect 0 71 the sedim~ntary ::::uccessi.cn 1Y!.'° 

Kansas. It -:lid~ hmi;e~1er, complete a ring of land. a.round Kanse.s providing 

a classic epei:cj_c zea setting fo;: the ~-isas shelf. The narrow Dalhart 

Basin se;iaratcd ti1e Ouachita and Rocky }1ou.."'1ts.ins ano. fo2--n1ed a.· barred 

entrance to the Kansas sea. As 1.-r, resultr- stratification of the: cpeiric se.~ 

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

encouraging anaerobic i:~ondi tions to prevail in the botto:r1 waters a.:.c-,_ 

sediments of the ·sea. BJ.eek sh~~ ~s 1 a distinct lithology used G,s o, ma.rk~r 

horizon in the uideal" cyclic sequences (riroore, 1950), ax·e a product cf 

these anaero0ic 'onditions and a.re nQrmally enricned in trace ele~e~ts. 

With the cessation of orogenic dev-elo1;)tnent in the Ou.a.chit~.s at t he 

be 6 inning of t he Perr.1ia!1 ( _:,ig. 1.12), the palaecgec~aphic cond:.tio!!s cf 

t he Eid-Cor;tinent ch2.1'!gecl drar.1atics,lly. Ca!:bonate deposition i.-;:.crcase~ 

and tmrard.s the er:d. o i' the Council Grove Group, e",."'a:porite seui!!.entri dcve:;_op 

substantial thicknesseso The Amarillo Uplift-Wichita :MounteirJt:.-l:.rbnc:1e-.le 

Mounta ins belt became a series of islru-:ds (Rascoe,1962) separating the 

Ouachita ,:l.nd Rocky Mountains and the Ka.nsa.s epeiric se~ becSl!le G. partia-•ly 

barred. carb')na.te/ eva:9ori te basin similar to that of the ~N-edi te1Tanss.n 

during t:he Mio0ene (Hsu al., 1973). The t€ar-clrop 

carbonate and evaporite sediments (:r1cKee and OrieJ., 1967, Fig., 4) reflec-ts 

the partially barred nature of the Kansas Permian sea. 

The overall tectonic environment of Kansas dt1ring the Upper 

Pe~.nsylva..~ian and Lower Permian has a close analogy in ~he tectonjc 

environment o:f the .Al.'afaru epeiric sea o:ff northern rl.Ustralia (Fig~ 1.13). 

Here, Hew Guinea is pax"t of a complGX orogenic be] -t of compare.ble size to 

the Arnnril1o Uplif-c-\'ic.hi ta i-101.mtains-Arbuckle Hounta.ir.s c:.:rm of the Ona.ch:. ta 

folo.b1:-1l t. Clas tic sGdiments .~-ce carj:-ierl f~om the :r1ountains and de;>osi ted 

at the 1narein~~ of an i:"•1:;eir1c sea. coveri1 .. s:- the edge of the s·tt!l-,2.e 

Au~tr8.1ian c i ·::1 t.011,, Co.1.~bor1 a1,G sediments c!!lG. ?..r.t iv~ reefs al so cover much 

of tbe are~.1 lJifforl:~nc~s in the two :r:t-gj ruen are 1~vticeable ho- ev,~~, and 
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Fig. I. 13 Relationship of the modern orogenic islands of New Guinea 
and Indonesia to the stable -AustrLJI ian craton an analogy to Upper 
Pennsylvanian and Lower Permian conditions in the Mid Continent, U.S.A. 
(After Dott and Batten, 1971). 



Heckel (1 9'"{2a.) h a s sugges ted t he Yellow Sea aa an aiternativc fo:-c the 

restr icted marine bas i n environlrlent. A si:·1i lar environmen~ ho.n he .'Jn 

To . wnrnari se , t hcre f or0 , t e.ctonic even cs · in Oklo/ to:-~a., Tex6-s and 

Ar.k .9ns a m ve a ffe c·~ed t he J'&Iinsyl y2-.ri a:.-1 an d Permian s edir.:entf'.r y su ccc--s r- ::.on 

in Ka..nsas and. p:rod.uccd a fourfold division of the elastic sediments. 

Fi r stly, tt!e~e t hP- cc::.rbonate- rich shales characteristic of "normal n 

carbonate/ shal e deposition in t be Ka1sas eps iric s ea. The zecona ·division 

is a variation of t h is theme, the distinctive bl~c~ shale lithology 

cha:t.Tct e r.:i stic of ana8robic bottom waters 1; ext, fron t he east came a 

numb€ 0f ~elt a ic cl~o.nncl s andstones , silts -tones and shales that , •. ~~re 

d <?p0sited iu -the Ii'orc ""·t Hills J.r s in and fin:l lly, thic~-- coarse cla r,tic 

unit ~ thn.t a-re f cu_rid at :!.'e t;ular intervals u p the Pennsylvanian 

Gt rat j_ei·'",J;hic s ection, are de:i.:'ived from the Ouachita tectonic belt of 

Ok l a..'1-J.oma. , .A:ckansas and. 'l'exas c 

This fourfold. t ectonic division of elastics in the Upper Pennsylvanian 

and Lm ·er .Permian of Kansas does not match either the tra.ditione.l 

classification of iioore (1950) or the mathematically c1ei·ived classifications 

of Dc1,vi..., and Cocke (1972) and Schwm-zache1· (1969). It is necessary 

th~~efore to ~esolve t hese differences by studying the elastics in det~il 

and te stins the various classificationso 

SAT1P111TG P'\1i"J1?:PT . .,,,... ... ..~ .._.,,_ 

st.:r~1.tigra.phically s it -v•as reaJ.ised that each elastic horizon in tl:c 

Uppe:;:- Pt.::i,'!nsyl vanian and Lo;•rer Fcn::nian was not necessarily restrict .d to c., 

mliqu~ J.:tthology. In fact in. Eoor2 1 s classification, t,·10 or even th_ee 

li tholo~icnl c.li visions of a c;tcl:)thcm coulcl be found in one elastic bad. 

As lloore b .:-::ed his conclusion~ .)n fi&ld end h2.1:1d speciMcn eviuence, it wc.s 

concluded that litholoaies, reco{s11isubly differerd; in the field, should be 



were collected f:,;om h:-r.izons in tha -Tn.ckat Jr<i!.'Tn.a.t:i.on (Pleasanton Group) 

and a.11 elastic uni.ts up to the Paddock shale me !~bfG" cf the Nol~ns 

Lim€:stone (Chase t;roup) and. the · dist1.•ibutj_on car. be seen in Pig. lo 14. 

The · only exceptions to -this ~,c .. ttern were the Aub~1r.n find h'inzeller Shales 

(Waba1.e1see Group) where lack of surfc~ce exposure prevan-cetl adeq\1a.te 

collection ., 

Samples collected for eac!1 horizon are ccn~ddered representative of 

that horizon for many hu11dr0ds of miles along the outcrop sti.·ike. 11:erriZ!.i.:1 

(1963) for example, has commented on how it is :posrdble to recognise single 

J.ithol ogies over remarkable distances in Kansas and how stable bed 

thicknesses are. 

The distribution of sample collecting statiocs in eastern Kansas 

(-Fi.rr. 1.15) is restric·bed to the Forest Hill Basiu. nowever, eiiequata 

exposures could. in some cases only be found in sout~ern Kansas. In the 

later situation, it should b~ noted that elastic deposits do coarzen and 

thicken southwards from South Kansas into the Anadarko Ba.sin of Ok.le.ho~a 

inferxinB that the South Kansas outcrops will not necessarily be 

representative of the normal Peru1sylvanian and Perm.iai, sedi!Ilcnts in the 

Forest City Ba.sin. Interpretation of analytical results in succeeding 

chapters 1.-,ill take this into consideration. 

Outcrops or Pennsylvanian and Permian deposits are fou..,d along all 

rcajor motorways cutting east-west across the sta:t;e (Figs. 1.16 and 1.17). 

Samples collected from such exposures were extracted at a depth of ·six 

inches from the surface to obtain relatively unweathered sediments. 

Suitable samples were then thin-sectioned and analysed by X-ray diffraction, 

emission spectroscopy a.~d electron spin reson&,c~. Appendix 6 surwnn-ises 

the saL1pling information in tabular £orm, recording sample number code, 

collecting station end analyses perf'orr.~e:c. on each sample. 

Analyses ;ere perforrJed 011 a representative selection cf sediments 

extracted from t:1e total sa'1ple collection. This was considere~ necessa.ry 



Fig.1•14 STRATIGRAPHIC DISTRIBUTION OF SAMPLES. 
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UPPER PENNSYLVANIAN SERIES 
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LOWER PERMIAN SERIES 
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Fig. I. 16 Important outcrops of Shawnee Group beds on Interstate 70, 

W of Lawrence, Kansas. 

•Fig . I. 17 Road cutting exposure of Vt las Shale near Altoona, il son 
~a unt in Southern Kansas. 



to establish overall trends and cyc::~s throughout the r::Jtratigraphical 

section end avoid u1:1necessa.ry noise caused by rainor lithologicel 

variations., Therefore, only gross lithologies were analysed .for 

mineralogical and geochenical va.:d.atio!ls. 

• 
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28. 

INTR0DITC'l'I0}T --- - ---
The mi~eraiogy of fine-grained elastics is normally obtained using 

X-ray diffraction. Quantitative determLiations involve the measm.·ement of 

intensity o·f X-rays diffracted f r om minerals and comparison with a 

calibrated standard. AlthottBh simple in principle, experimental res'.llts 

a.re highly variable; conseque:1tly, a number of alternative preparation 

techniques have been proposed to assess the mineralogy of sediments by 

quantitative X-ray diffraction. 

Various reasons for inconsistency in results have been suggested, 

with r-2 st emphasis on the relative magnitudes of e:?:Tors produced by sample 

pr epe~ ation techniques (Gibbs~ 1967). Other sources of errors including 

inst~ument fluctuations, operator error, and structural and chemical 

variations between minerals have also been described. 

To establish a system which minimizes these errors and consequently 

reaximizes 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 fine-grained sediments • 
are described and studied. By statistically designing an error-analysis 

experiment, it is possible to establish standardized preparation procedures 

and analytical c::mdi tions ·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 0£ 

Kansas, U.S.A. 

PRE\TI OUS ~·70RK 

The basic principles of quantitative X-ray diffractometry were 

developed and discussed by Klug and Alexander (1954); many workers have 

used variations of their methods for determining mineral percentages, 



especially quartz and Cc?~lci te (Levy, 1964; Gorbunova, 1969; Till a.nd 

Spears, 1969). l{ore rarely whole 1:1ock samples have been analysed by 

X-ray diffraction techniques. Schultz (1964) <lescribed methods devised for 

analysis of the Cretaceous Pierre Shale and concluded that an overall 

accuracy of± 10 per~ent could be achieved by (1) controlling the 

_uniformity of grindin6 procedur~s, (2) careful homogenization of samples, 

(3) consistent interpret ation, a.r.d (4) standardization of sampling and 

s ample preparatio~. 

Other quantitative stunies include those of Tatlock (1966), Baker 

(1968) ::- 13:r-istol (1968), and Hausen (1973). Nelson and Cochrane (1970) 

deter r1 :l.ned mineral · percentages in calcareous ciud.st"ones, . ·sandstones, and 

hydr o·G} ermally altered a.ndesites. Accuracy was cbtained by initial 

s t a~dardizat ion of procedure and equipment, yet differences in 

crystallization remained as a major source of error. 

Gibbs (1967, 1968) ha.s 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 d_'7 pow~er 

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 magnituae of variation in performing a simple 

analysis by X-ray diffraction. 

VA.."1.IPJ fCE It! QUAiI'rD:ATIVE X-RAY DI~C'f,1Q,ll 

Different samples of the same :pure mineral will produce X-ray peaks 

of the same intensity. Theoretically, the relationship for a p~e mineral 

will b~ expressed as 



0 ,v ]r.._ .... , 

where Q is the peak intensity .;_-_"ld k is a cnnstant unique for e.ach 

mineral r However, for mixtures of inine17aJ_.:; in a sedinentary rock 9 the 

pea..'< intensity of a mineral becomes 

9 ) - m 

where a is th0 percentage of the mineral in tpe sample. So-called 

;o .. 

"matrix effects" 1 !11, are produc8d by nb2orption ar.:.d reeIT'.issio:1 of X-:!'ays 

by certain elernE:ntB i n t he mixtur e. 

In practice, intensity is af.fected by many factors other t haL 

abundance and matrix effects, as shoYm in Fig. 2.1. These othe~ factors 

can be d.iYided into t wo general categories of within-E;amplc va.riatiGn. One 

sour ce i s inherent; t hat i s, variation within the crystalline rr.ixtare 

itself r e sulting from d.ifferences in the deg-..cee and nature of crystallini-!;y 

of the particles ( Grim, ;:I.968). This is termed. corrpQsi tional variation 8.A"':d 

is beyond the control of t he i~vestigatoro 

Compositional variation contributes only a small proportion of the 

tot3.l varia.nce for most. non-clay minerals and may be ig:gored.. The p:rima.1~.f 

source of within-sample variation is induced, or independent of the sa::iples 

themselves. '.i'his external variation is termed e:xperimentt::1 variation and 

can be ascribed to tlu.'ee sources: (1) inhomogeneity within a prepared 

replicate, (2) differences between prepared repl·icates of samples, and 

(3) instrument fluctuction. 

External variation generally results .from inconsistencies in 

preparation and a.nalysis, incomplete g.rinaing or disaggregation, 

inco!, sis .; ~nt mo~viting of Sa.I!Iples, ,rariat.:ions in line voltage to the X-ray 

unit, non-vnifor;n maintenance of laboratory conditions, and fluctuations 

in d.etection and recording circu:i ts. l1a.l'ly o:f these V!trj ances can be 

reduced by use of quality-control methods and statistica:!. anal,. .. ~es. 

Varia tion resul i: ·nr; f:r.'orn prcparad .;;8J111 .. lc inhono~cr!ei ty end differences 



Sources of vari • nee 1 
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be? cont;oltad by operator 
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Fig. 2.1. Sources of variation in the quantitative mineralogical flnalysis of sediments by X-ray diffraction. 
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between :replicates can be minimized by experimentation and selectiori of an 

optimal sample preparation tecbniqueo Instrumental variation can be 

minimized by establishing uniform labore:tory conditions. If quantitative 

X~ray diffraction a~alysis is to be performed, sources of experimental 

variatj on must be isolated and Minimized and a standard analytical techriique 

established. 

EXPERIHfil T AL DESIG T -
To determine the relativ~ importance of each source of variance it 

• ~as necessary to establlsh and test an experimental desi@-1 which would 

l ~olate the various sourcesc Hypotheses to be tested were: 

(1) 

(2) 

(3) 

(4) 

(5) 

There is no 

There is no 

There is no 

preparation 

There is no 

There is no 

sample. 

difference between the sample preparation methods. 

difference between sediment sa.--nples, 

interaction between sediment samples and 

techniques. 

machine variation within a single methoc.. 

machine variation within a single sediment 

0 

(6) There is no replicate inhomogeneity within a single ~ethod. 

(7) There is no replicate inho~~geneity within a single sediment 

sample. 

Furthermore, a selection of the "besttt preparatfon techniques can be made 

on the basis of minimum variance within replicates; that is,.the superior 

technique is the one which produces the hiehest ratio of between-sample 

to 1-ri-thin-sample variance. In order to assess the effects of machine 

variation ( an independent source of error) and inhomogeneities wi i~hin 

prepared replicates, their ve.riance must be measured as well. The entire 

analysis \Tas performed for both peak hei6ht and peak area methods or 

measurcr."'.ent. Because all cur1·en-tly employed sample preparation techniques 

are analyseds the number of possible treatments is fixed. However, samples· 



selected for ru~a.lysis e..re chosen :-.--r:i.ndoruy from an esse:ltially infinite 

population of sc6.imcntar,J rock :.3¼.i..,ples. The re8ul ting pe-ttern of e. fixed 

number c,f treatmei1ts and a ra.ndom !:.ielection of san1ples is termed a r.ixed 

effec7.s model (Bennett an d Franklin, 1954). The experi:aenta.l design used 

is a classic t wo-•,1ay analysis of variance with replicates (Griffiths, 1967). 

Each analytical result Xijk can be described by the equation 

expressing the structure of the experiment. This states that an observ~ti0n 

is composed of a constant ( the overall mean µ ) , a cont:ribu-tion from t:ie 

prepf!-ration technique a: i, from the sample (3 . , a.ncl. from ?'discrepancy" or . J 
di ffe .r. ,~nt i al effect of saffi!)les over techniques y ij, plus final contributions 

f r om _·eplicates B k(ij) and froo unspecified ( unassigned) so\12'ces, otherwise 

known as error, E (ijk). The structure of the analysis is shown in 

Fig . 2.2c This design descri.bes two JI1ajor effects, the differences .between 

preparation methods and the differences between samples. 

Two sources of variation contributing to the error term (ijk) 

the two-way Al{OVA are not described by this design, that resulting from 
• 

in 

instTUmental variation, and that from inhomogeneities within the prepared 

replicates. However, these can be estimated by (1) choosing 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 importa."lce of instrumental 

.variation and within-replicate inhomogeneities, it is necessary to run a 

onc--wa.y Ai'iOVA test for e£.ch of these variances. It should be noted that a 

sinele experiment could be designed to assess these sourcss at the same 

time as the primary sources, but this would require either an inordinate 

nUJ~ber or ltvels of replication or a complex, unbalanced design. 

The ANOVA !'or the two-way d~sign i~ sho'\\'D jn Ta°Qle 2.1. The 

sicnificnnce of th~ varianc~ contributions is tested by an F-tes t of the 
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Fig. 2. 2 Experimental design with replication (a fter Griffiths, 1967) 



TABL~ 2.1 ........__._____. .. ___ JJiOVA table for a two-way design. For snmples, A corre.3pond.s ~o -th~ population parametei· a.~ 

B to fJ , and A x B to the interaction param~ter Y • The co:nfounded para.meters O and of 
2 the model equation are represented by the rlthi~ subgroup varienc , or erroi·, CY • 

Source of variation o:£' ss MS • Mixed Mod.el 
Expected MS (\ f. d B d '; 

J ::;..xe , ran um 

= Y-Y Subgroups a.b - 1 8 8/(ab - 1) 

- - A (columns) 1 o/(e - 1) 2 2 AxB nb 1: a. 2 y - y a. - 1 9 (J +ncr +- • A . a - 1 - = 2 213 Y..,, - y B (rows) b - 1 10 9/(b - 1) er + l".a o-
.0 - .. - - ,... 2 y - YA - YB+ y Ax B (interaction) (a. - 1) (b - 1) 11/ (a - 1 ) (b - 1) .~ 11 (J + ncr AxB 

- 2 Y-Y Within subgroups a.b(n - 1) . 12 12/ab(n - 1) (J 

-
= Y-Y Total abn - 1 7 

• 

.. 

.. 
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(1) 

( 2) 'Ll'ne va~iablt:>5 a.:ce the s1m.s of the ocntri bu.ti.ens cf the 

co~npone;-n·i; va.ric.bles a. l. cc. ::.: {3. ;:; a .B. = O. 
.l J J:J 

( 3) ~~he ral'!co::i vuric1blc e:: c:.rc d.i. st:.ci b:itcd with va.rim1ces 

o-a.2 t Gp
2 , a.ni <:r(J'

2 and all covoi"i!.l.nces ere zero_. 

The third ass.umption iraplies :hat there i,., no interaction between the 

variables, but by usine the /D.{OVA test, any interac!tions that r-.J.Sy e:.d.st cs.n 

be a s ses3ed and their eignifica.Y1ce determined. 

Fer this study, six shale sa-1i1ples v:ere selected to ~a_p:~esent the 

compos l tional ra.nge apparent in the Upper Pennsyl va.aia."'1 a,'1d W'.:6::: ·.Per~· ian 

shales of Kansas, U.S.A. Seven sampls prep3ra.tio:1 methods wer'= evtlue.ted, 

including all of those advocated in the literature ~or qutmtitative or 

semi-quan-ci tative X-ray diffraction a...."'1.alysis, and those ciost co.r:unonly 

used for q·.1alitative analysis. The techniques were: 
• 

(1) Smear of wet pas·te on glass slide (Gicibs, 1965)~ 

(2) Suction of wateI·-dispersed samples onto porous cera.aic tile 

(Kinter and Diareond, 1956; Shaw, 1972), 

(3) Pipette water-dispersed. sample ontp glc!.ss slide (Gibbs, 1965), 

(4) Water-dispersed sample sedimented onto glass slide (Gi.pson, 

1966), 

(5) Ground dry sample moulded into pellet using a hig~-pressur~ . 

press (:Iic.algo n.!1d Renton, 1970), 

(6) Ground d:t·y Se.!!lple packed ln a Morelco alumir.ium sample 

h0lo.er (Gibbs, 1965), and 

(7) Suction of water-dispersed sru:iple onto mer.il1rane :filter 

(Append.ix 5). 

\ 
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'11he 

in results (Gibb;:•: , 1965) e.!1d 1'i8J:'e not c;onsidered in this study. Detailed 

descriptions of the varic1:..~{ methods of prepa:ratio~: can be found in Gibbs 

(1965, 1967, 1962, 1969), Quakern,;1.8.t (1970), Shaw (1972), ~~1d Zittrick 

(1961).. It shoulc1 be notec1 that tech.niques 3 and 4 1-1ill be effected by 

orientation and ser~egation of rJinerals due to differential settling of 

certain raineral groupsc This enhances the intensity of certain X-ray peaks, 

especia.ll;r those of the clay r:tlne:.cals, and may prcduce a bia.sccl estimate 

of shale rniner2~- o~J• However, both techniques !'-<'~Ve proved useful in 

Quali t ative assessment of shale rr.ineralogy. 

The shale samples \lere dried in air and then ground in a S!'iatterbo.x 

to less thon 60tt. Ho adc.itional tree..tment was applied to the grctind 

material. Eacb shale sample was divided into seven parts a..'ld randomly 

assiened to a sample pre:para.tion technique. Individual runs were grouped 

into classes represanting all possible different combinaticns of shales 

and preparation methcds,, E!1.ch run was replicated f'ive times J resu.1 ting 

in 210 X-ray an9,1yses for the assessment of prep2"r'ation~methods. 

As discussed previously, one replicate from each method/8o.IDple 

combination was run five timas without change in exre~i~ental conditions. 

Another replicate from each method/sample co~bination was run five times 

changing the position of the sample within the X-r2y beam after each run. 

Thus instrt:.Iliental variation and inhomoe;enei-ty of the prepared replicate 

could be assessed. Peak area and :peak height measurements were recorded 

for all analys~s. 

RESU.fJ.1_§. 

Tha completed !i.·::OVA.~ are cho;-n1 ir: 11:atlc 2.2 and indlca.ta 

sienifice!".t differences betHce~ nr-thods of sampl?. preparation and between 

the shales ~~1alyged. I'hey clsu i.n.'.licate sicnific(mt interactions b~tween 



TABLE 2112 Al~OVA for two-uay dc~sign, comparing !3at1ple preparation 

methods, shale samples 1 a.i~d interaction. Table A is for 

peak height measureme~ts, Table B for peak area measurements. 

A. AJJOVA for Peak Heights 

Source SUil of Squares Degreas o:f Hean Squa.:r.es F-ratio Freedom 

3,668 6 611.3 36.1 Between Methods 

.Between Shales 10,17a 5 2035.5 120.1 

He-i:hod x Shale 
¼¾E-, • .:. teraction 2,998 30 99.9 5.9 

Er or (~eplicates) 2,765 168 17.0 

Total 19,609 209 

Bo AJJOVA for Peak Areas --
Source SUm of Squares Degrees of Mean Squares F-ratio Freedom 

53,231,684 6 26.4 .... Between Methods 8,871,947 
• 

57,699,481 Between Shales 288,497,404 5 172.0 

Method x Shale 

Interaction 115,233,135 30 3,841,105 11.4 

Error (replicates) 65s001,239 168 335,533 

Total 521,963,462 209 

~. Highly significant 



pr-E:pnra-tion me·~hods and sa1aplese1 The first JJ,iOVA in Table 2.2 usss 

peak height as the variable, e.r:.d tbc second uses pee!{ al.'ea. The xatio 0£ 

befa,reen-shal e variance /wi thin-!3hale varianca ( "error11 ) can be regarded 2.~ 

a.l'l index of efficiency of distinction between shale sam:ples, i.e. a measure 

o.f s epar ation between means of ~eplica;t:es coopered to dispersion of 

replic~tes. This ratio is 120 using peak heights and 172 using pe&k 

areas indicating that peak area neam1.rements are mo~e effective than peak 

hei ght for dist i nguishine; betT,reen sanples. rote, however, tbe..t the:-:-a is 

s i gni f i cantly more interaction using peak area r.iea.surements. 

Ravine established that different sa~ple preparation metnods do 

produce s i@lificantly different results, it is necessary to ~an_~ them in 

order t o s~lect the optimum procedure. This can be done by computing the 

ratio of the between-shale variance, within a method, to the with.in-shale 

variance, within a method. These ratios are sho\·m in Table 2. 3 for both 

peak height and peak area measurements. 

Peak area ·is superior to peak height for all preparation methods 

excep·t (6) hand packing of powdered sam;,le into holder. All methods allow 

discrimination between shales except method (3) pipettirtg a dispersed 

sample onto a slide. Even this method allows the distinguishing of s~les 

if pea.k area measurements are used. 

Clearly the most effective preparation technique, judged by the peak 

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 procedu:res tend to produce oriented samples. 

The fil ter--mounting method and that of sedimenting a S~'llple onto a glass 

slide in a beaker are approximately equal in their effectiveness. Other 

techniques are significantly less effective for discrimination between 

shales. T~1is presumably· results from the lou counting re.tes produced by 

these methods, which result from increased contribution3 by the X-ray 

backcrround level. 

r 



Peak 
Height 

Rank 

Pe 
Area 

Rank 

Rank 

• 

Ro:~ios o:!: bc·t'?,·reen-sna.le vc1..rie._r1ce to wi thin--c1hale va..'t'iance 

for seven sample p'.!:'ei:,a.ration techniquee. 

... 2 3 4 5 6 7 ... 

Sn1ea.r Suction Pipette SettlinB Pr~ssed S~il)le :F'il te~; 
on tile onto 1 . onto slide pellet holtla:.~ n0ll!i c; 

69 

1 

166 

l 

1 

S .l(l-:; 

13 2 35 43 51 15 
6 7 4 3 2 5 

16 7 52 109 35 52 

6 7 3 2 ..... 3 

Ve.:r-iances of homogeneity runs, avere.{:ed across eh~a aanplcs. 

Rank indicates smallest to largest wi thjn-mou.!1t ·variance3. 

Only data for .peak area measurements eiven. 

2 4 5 6 7 

Smea..r Suction 
on tile 

Pipette 
on·t.o slide 

Settlins 
onto :ilide 

Pressed 
pellet 

Sample 
hold.er 

Filter 
r.iount 

4 G 

21,216 

1 7 

130,561 

2 

212,228 141,075 

3 



Sampl_e homogeneity, or the ·tendency for a, sample to vary in 

composition across a prepared mount, is a major factor which affects 

reproducibility. Table 2~4 contains the a:verage variances of replicates 

repositioned in the X-ray beam to measure sample homogeneity, calcule.ted 

across saiTiples. Thair r anking indicates relative tendency for specific 

preparation methods to create inhomogeneous mounts. 

The small variance of the pipette method (3) results from the small 

area of th~ prepared sample which insures that almost all of a sample is 

in the X-ray beam regardless of its o:r:ientation in the machlne. 

Unfor· :1.,n ately, this method is the poorest for distinguishing between shale 

sampl~~ . The second most uniform method is the pressed pellet; the third 

mo st e~ fectivet the filter mounte The smear technique, which produces the 

highest between-shale variance, ranks fourth for uniformity. 

At this stage of the analysis, three sample preparation tech.~iquea 

can be selected as superior. These a~o· the smear method, the pressed-

pellet method, and the filter-mount method. However, as the technique to 

be applied to this project involved analysis of ~everal hundred samples, 

each replicated a number of times, _practical considerations of sample 

preparation tiffie were important, and an assessment of the physical procedure 

became necess~..ry. In this regard, the smear method is decidedly inferior 

to either the pellet method or the filter mount. Therefore the smear 
. 

method was n.ot considered further and the filter-mount and pellet methods 

were adopted for this study. However, if time is not an important 

consideration in a quantitative X-ray diffraction study of sediments, the 

smear method is the most suitable sample-preparation technique. 

INTE..~•AL ./IJfD F..xTER!TAL ST.~TDARDS 

Having established a standard preparation procedure, the next 

problem in determ~nation of the mineralo&ical content of the samples. Many 
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Jcecrmiquen h2.'i1e been us0cl for pr~dictim1, mos-t of them derived .f:.t:orn the 

woi~k of' Alexander m1d Klug (19'}8). .. m methods :receivinr; great 2.tt011ticn, 

espee;ially i n clay mi.neralogy s are external and in-ternal :::tandc..r8. t e chnigue3. 

ra:ug M d AlexG.~c1 &r derivecl the basic equation fw.: the extf::r-ncJ. 

I 
--.J.l,___ = 
I o,p 

in the basic equ.A.tion 

w p µ 

I x;eflected j_ntensi ty cf mineral P in the m11 ti-component p 

i Q reflected intensity of the pure mineral P, 
O i P 

w p 

· c mean absorption coefficient of mineral P, 

c mean absorption coefficient of the mixture, and 

= weight proportion of Pin the mixture. 

By adding a knmm weight of a pure component (a "spike") to a srur.r.)le 
• 

·containing this component and neasuring the reflected intensities before 

and a.fter this addition, the weieht :proportion of the component in the 

original s 2t:1ple can be 2,pproxir11ately deterr.1ir.edo Leroux, Lennox f U1<:. Ke.y 

(1953) studied this relation for a eeries of mixtures containing qua:i.'tz 

ancl their results denonst:ratea_ the feasibilit:r of the method. Gordon and 

Harris (1956) concluded that the conbination of ex-:.:e~nul ctc.r1dnrd n:ethod 

and measu::-e1:112i1t of mass absorption coefficient occupies l <? ss time than the 

prepa.ration of an internal standard mixture and its examination, nnd thut 

the two methods are comparable in accuracy. 

Internal st~.ndards were fir~t employed by Clark ond Reynold~ (1936). 

In this rr.0thotls wbieh ~c es~ .. H?rr~inlly a diluta.tion technique, a kno•:,·n 

weight of n substanca S is .... tlded to a set ar:iount of the mixture and convenient 

reflect:ton.., from S and frolll the cora!pcncnts 1'5 Q, R, •.• S of the mixture 



a.re compared. :i:'i:-Je in te:c-;w.l n-t. 'D 1r.ar·d is f;.ddc:id in H. kr!own weight proporti.)n. 

be the wei_rht of the c-,.,..:• anu1 a _,~a. P.,(lc·; ... , (1 to 1· c.---. OE> th-::> 1-i·x+11rr;.. v ' - s;. - (;>! ,.. .1. ._. l,;. V - • o The 

weigrri; p:.coportion of 8 .in. the resul t:i.n t., r::-::i -:tu.re will be \·~s/ ( 1 + w s) 

a na. s i ~iJ.m:ly 10:.c P Hil. -; "oe ., /(1 • ~, ) .._ \' .,.. - •. .' p C 

cJ.0r:i.ved the fol l owir.-3 CQ.uationt; 

' ., 
1: J. Ir -- KP • --.. .. 1,1 2/'~: 

..L + ws µ 

and V , I l Is Ks 
s 0 = .. . ..,.,,._, ...... ,~. 

J. t.}• v' µ s 

r.;o tl· at _1p_ .:J?. u 
:::: • .:e. 

:c ... Ks w .., s 

.illere 
I :1:) i s the r efj_ection intensity of the determined minerals 

I .:. is t he reflection intensity of t!'le internal standard~ ,., 

are coefficients of proportionality, 

w p is the weight % of Ji;l1e determined mine1·al, and 

w s is the weight % of the internal standard. 

Molybdenite ( Qua.kernaat J 1970), boehemite (Griffin, 1 c5L1 • .,, . Gibbs, 1967), 
calcium fluoride (Gorbunova, 1969), aluminium oxide (cuivert, 1966), 

aluminium powder, lithium fluoride (Brindley, 1961)f wu. corundum 

(Mitchell, 1960) have been used with varying decrees of success as internal 

standard s o The main dif.ficul ty ,.Ji th this t o-Jhnique is that mjxtures 

conta.ininc; two, three, or fou~ mineral ccmpcr.ients and several minor 

components will give so r!lany re.flec·tions th~t it P.ay be nearly i r.1po r.. sible 

to choose ar1 inte:;:-na l standard FhoE:e reflections do 110-t interact with 

existing reflections. 

Tho procedure used in th.is investiaation is a combination technique 

tha t r e t o,i1YJ desirabJ.0 f e • .1tures of both external and internal stnndc.rd 

method.s o A prclimin.3ry series of sa:::1plcs nrc run until a eroup is 

us s c:1blcd tLn.t rcpre r; ... , ,ts tha rnn~c of variability of mi1 ~rals encountered 
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content and ct r eg:r..·eGsion en tote.l counts computed. This e :3t ahlishes a 

c alibra t i c•n c-..1..rve that can be us&d ~s a..Yl ext0:r . .-1:.1l standa-cd to analy sa the 

r:emaincler of t h8 sm!!pl ec o 

To p:r.8pa.re intern~,lJ.y standf' ... 1:•di2ed co:.pl e s 1 five replicates 1-.-ere 

made of <.. 60 µ ground ma,teria.l, and anelysed by the methods selected in t h€ 

i n,re s t i gat ion of prepara:tion techniques. App:t·oximately 1 gm of sar.1:.9le a.nd 

0 1) 02 gm o f spike ,·rere ,.,eic;hed in an a.na,lytica.J. baJ.ance and t horougr1ly mixed 

b r £3i tat i.on l,-:ith an ~1.ltrasonic pr obG , Five r epl1..-::ate Ii ;(f 1J11ts of t he spi ked 

~r.1ple 1•. ·3 re then prepared and analysS>~lo Nee.n val,:..es of o:r.igir-al 5.::-:, ~ S!si ty 

( I ) and intensi -t.;;;- of t he spi ked s &1,9lE- (I ) \!ere c0!. i;c:.L'ed and the <):. ~,3i:1al o n 
r.dnerr.l ccntent comput ed by the r elationship 

p 
s (- ~ 

( ~o , 0 1 0 + S -
n ) 

where O is t he orieinal weight of the sample, 

S is tne weight of the spiket and 

P is % of mineral i n the s 8.lnple. 

) 

Thin equation was used to calculate the percentages of q1:nx·~z, calcit~, e.nd 

dolomite in a number of sun:ples. 0.02 gm of pure quartz 

spl!(e wer e add ed to a known Height of sa'Tlple and the increu~e in ~-1.·ay 

intensit y wa,~: observed. Thi,.. w2~s r 2pea,ted us1ne calcite P.nd dolomite 

spikes for all replicates of the s evan shale samples. The results \.!ere 

then used -co cu~ablish cs libration curves of tr.c -three m:i.ne-cn.1s, sho1:n in 

Ficures 2c 3, 2.4 nncJ. 2c5, by r eo:ession peak ar<?a. asainst pcrcenta~e 

composition. These curves were used to estimtc.te the composition of several 

hundr ed ::::hale sruY.ples from t;:1e Up~per Pennsyl v.:mi~~ and Lower Permian of 

I,n.11::as. 
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C0HCL:JSI0HS ----...--.~---
JJeta.ilea statistical tests of ~om~eting sa~ple preparation methods 

show that the ccmrnonly used. · smet=1..r technique is superior for disting1.1ishing 

between s1:2.J.es 0:-1 the bar,is of quantitative assessment of mineral content. 

However, practical considerati1.)ns ma..1<:e • this method inappJ.ic~1.ble for large 

experiments. The next most effective methods are_ the :pressed-pellet 

technique 2...-r1d the mounting of srunples onto membrane filters. Both methods 

are extre121ely rapid and subject to r.rinirria! opera.tor variation because they 

are mechanical operationsb 

Usine; either of these two methods, a combination standards technique • 

can produce calibration charts for the Major ~onstituents in shales. The 

conbination method achi~ves the accuracy of either internal or external 

standard methods without the necessity of "spiking" every sample in the 

experiment. m.rtremely high J.in~ar correlations for the three standard 

regression curves indicate that the expected error of estimates made 

within the range of the sta.P-.dards will be very small, less than 6 percent 

at a maximum. This technique is particularly applicable where p".lre 
• 

minerals identical to sediment components can be obtained but has the 

disadvantage that standards for minerals with variable composition such 

as clay minerals are still difficult to const~ct. Continued resea:t'ch 

on thi£ problem could p~ove most beneficial ~o ~edimentologists. 
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FAOI'ORS AFFECTING Tffi; HIUERALOGY OF T:-IE UPPER PENMS'_'LYX:-TIAN -
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Th~ROTIUCTION 

The objectives of this chapter are twofold - to de-termine i;he 

xcineralogical nature of the Upper Perlllsylvanian and Lower Fe:cmian .:,hales 

of Kansas and to observe and account fo1.· the stratigraphic distribution of.' 

the major minm::al components. Using the X-ray diffraction techniques 

developed in Chapter 2 and Appe~dix 4, it is possible bot~ to identify the • 

minerals and quantify the major components present in the sheles. Th9 

··\ .nnsyl vania.n and Lower Permian shales can be plotted, analyseci and 

:~ •• terpre-ted in terms of changing tectonic and sedimentary environments, 

~~milarly any periodic elements detected in tne !!dneral disiributions earl 

bt:; examined and tested by statistical P..nalysis. 

!ll,AI/fl'ICAL EQuIE•mTT AlTD TECHNIQUE 

The equipment e~ployed in the X-ray diffraction analysis, consists 

of a Norelco X-ray Diffractometer, wide-range gonioTT!eter, ANR3 .... 202 LiF 

curved crystal monochromator, proportional counter nnd pulse-height 

analyser. 

All shale samples were ground to less than sixty microns r-..nd 

prepared for X-ray diffraction analysis using the sample mounting proc€cu.~e 

described in Appendix 4. Individuals ·,,ere then placed ~1 the s" .. r:,_9le 

cavity of the Norelco Diffractometer a~d examined at 2°29/min. over a 

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

were recorded within the range 2°29 to 60°29 and minerals preaent were 

identified. 

X-RAY ID!~':TIFICftL'IOl: A:DJ _......., ...... c:-IAHACTr:RIS~ICS OF MH:ERALS ... ·- -
The identification of minertls in the X-ray diffrac~ion tra0P.$ uas 

iev bv ex[' 1in.i.!~r-:- ~tani.l~d d-s a.cinr:s .in the A.S.T.1-.i. Poudc 



Tft.BLE 3 .1 
~- t WWW 

Kilovol·ts - 35 

Milliamperes 13 

Water p:ressu.,:,0 50 lbs/sq_. ine 

Slits ,, 0 0 0 ... 1 /1 (antisca·tter) / 4 (receivzr) 

CuK a · radiation 

Nio head. 

Recorder: 

Proportional counter input 

J • 1 • ... • • t· t.1. t t • ~etti·ng of' '.J. JJ. 1oo.1." 2 ·. p 11.1cr wi n a, ven ·ua ion _ _ 

Detector 1 voltage - 40 kv 

Detector 2 voltage - 40 10.r 

Baseline - 82 pha - manual 

Window - 22 pha - internal 

Scale counts 102, multiplier - 2 

Time constant - 2 

Chart recorder rate - 60 ins/hr. 

0 



Da-'ca File.. However, ~cvera1 clay minerals are not easily identified usi~g 

this method and tests on the shele samples were required to establish the 

species present. The stancl.ard identification procedure for clay minerals 

·(Carroll, 1970; Griffin 7 1971) was therefore adopted: 

1. Position of main peaks. This is of prima_ry importance in the 

identification of minere,ls as each has a unique and characteristic set of . 

peek positions. However, for a m.t.tilber of clay minerals, the most i.i-itense 

peaks overlap and it may be necessai..-y to examine 

2o Effects of glycolaticn on peak :positions. normally montraorillonite, 

i llite and the interstratified clay ~ri.nerals are indistinguisha0le as major 

peak positions overlap, and minor peaks are inevitably lost in backgrou..l'ld 

noise. However, they may be differentiated by their swelling reactions in 

an atmosphere of ethylene glycol; illite does not respond to the org-cmic 

reagent but m1elling clays such as montmorillonite abso!:b 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 neces3itating the introduction ofaonc furt~er test 

3. Effects of heating on peak positions. Heating clay minerais results 

in an initial loss of water from the crJstal lattice, especially in the 

case of illite, and at higher tempere,t-u.res, volatilization of orga..Tiic 

molecules from the interlayer sites. Other notable features include the 

breakdm•m of kaolinite to an amorphous state at 500-6oo0 c and chlorite nt 

aoo0 c0 Each of these events is marked by a drop in height of the X-ray 

peaks on the diffraction trace. Table 3.2 illustrates the important role 

these effects play in the identification of clay minerals in shale oa.mples 

and Fig. 3.1 shows the cha.nr;es that may occur in poak positions during 

heating and elycolation of C!Jlorite (at 6°29), knolinitt=\ (at 12°20) f-4nd 

illite (at 9°20). 

The rJajor mineral conntitt,cnts of the shales .were, therefore, 
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1,h_BLE 3.2 

Basal Spacines 28 'ttans- Effect of Effect c,f 
Mineral (001 Unless fox-mat j_ on Glycola.tion Heating on 

Stated Otherv1ise) on Hain on Pea.1<: Pea."< Position 
Peak Position 

0 
Qu.artz ·3.34A (101); 26.~6 none none 

,....o 4.2oA (100) 20085 
,.. 

.!.i'eJ.dsp a..r 3.30A 't!.f. '{O none none 
0 

Calci t e 3.03A (104) 29.47 none none 
0 

Dolomite 2. 88A /"'.04) B0e05 none none -
0 

6.27 (001) Chlorite 14.lA + integral none increases in 

ser ies of basal J.• nJ·en ci + y· · & l, _.__ " ' at 

spacings eoo0 c s'hows ,,rt;. 

loss (1-!g forn) / 

collapse (Fe foria) 
0 

12.56 Kaolinite 7.15A; none Becomes 
0 

3.75A (002) C amorphous at I t 

550-600°0 
0 (001) Illite lOA (002) broad a.10 none more in-

tense as H2o 
removed from 

structure ~r 

N.B . Disordered kaolinite shows broadening of X-:;:~y peaks. 
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Fig. 3.1. X-ray diffraction traces of shale sample no.5. (a) normal 
temperature and humidity, (b) heated to 500°C for one hour, Cc) glycolated. 
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identified as quartz, calci .le! :loloi:1i t e, feldspa~, illi-te, chlo::-i 1;e and 

kaoli11:i te, al thout;·b the follm·ring 3ccond.a..r:y ninerals were ~J. so recorded: 

gypswu, jarosite, pyrite, mixed layere.i illite .. :;:iontrno:!:'illonit~, 

montrnori.llonite and swelling chlorite-> The feldspar minerals cett::cted 

could not bG indi v idually identified al though considerable efi'or.t w1:,s sp8nt 

atte!!lp-c ing to i ':fl!)leMent the X-~ay and optical tecr..niques of ~1odyea.r and 

Duffin (1954), Smith (1956), S1nith and. Yoder (1956), and Wrlgnt (1968). 

These complicated and lab.:>r ious pr·oced.m.>es vere c!.iscovered to be 

ex cessi v ely ti11e consuming j_n sediment analysis and a.r~ considered appror,rib.te 

only for 5.gneou s rock studies where considerable fe:ldspa.r is often a-vail~ .. ble. 

ASTM i dentification of feldspars also proved fruitless because it is 

e .. scntially based not on the m<=an peak positions ~s tl-:ese occur within a 

veriJ ua r ... :o ,, r ~v1.z;e on the diffraction ·trace, but on seconda:.-y pea!cs. In 

all t h e shale sar.'.!ples studied, however, no secondary peaks ·were detecte:-c. 

pre3umably because the feldspar concentration ir-; low. At'te%p1~s at se-parntir1g 

the fela.spar content froJTl the other minerals were also inconclusiv·e. 

Dr. HcCaleb of Sun Oil Co., kindly ex~J11.ined a number of sht1,lc sa.rr1ples with 

high peak area measurements of feldspar (e.g. sa~ples 9G ond 170) containel 

approximately 20% orthoclase and little or no ple.gioclase feldspar. This 

result seems dubious in the licht of petrologic:?.l invcstie;atiohs of the 

shales ( Chapter 8), where distll.ct . albite-twinned :plagioclase laths wez·e 

recogni~ed. In this study, e. decision wes therc'fore made to employ the 

general term feldspar for the X-ray me::.surements t~en. 

Apart from basic identification of minerals iu X-ray d.5.ffraction 

traces, it was possible to interpret shapes of X-ray pea.ks and exar.iin~ 

order-disorder phenomenat mixed-layering and detrital versus eeconda.ry 

origin8 for some of the minerals. 

Eslini~r et al. (1973) studied X-ray diff:rnction patte~s 0£ fine-

grained quartz and on the basiG of relative int'3usities of the X-ray 

diffru.ction :peaks from the (100) and (J.01) crystallosraphic planes we1.'e 
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able to distingrdsh detrital and secondary forms of quartz., Fig. 3.2 

illustrates the differences in the X-ray patternn of detrital quartz (a) 

and seconc.a...ry quCT-tz (b) and for compe:rison, a t~'})ica.l Kansas shale patt~rn 

ls presented (Fig. 311 3). All saraples from the Upper Permsylvrillian and 

Lo\Ter Permian, ir.1 fact, :ce~!ealecl the presence of detrital quartz. 

Kaolinite X-ray diffr.~ctio.a i;:r.aces show two intense peaks, one at 

approximately 12°29 and enother at 25°2e. The second of these peaks is 

indicative of the degree of disorder present in the crystal structure 

(Hinckleys 1963; Noble, 1971), a~d also of the environment of sedi8enta.ry 

depositione A well crystallized kaolinite ('hard' kaolinite) is associated 

. with the marine environment, uhereas poorly crystallized ( 'soft') kaolinite 

is for ied in fresh water. Both are often ~ecrystellized, leached and form 

\ 

detrital kaolinite bu-t the two types still record differing X-ray pa~tcrn8. 

Multiple peaks in the region of 28°29 axe characteristic of well crystallized 

k~olinite whereas one simple pea.~ at 24°29 is com.~on in poorly crJstallized 

samples. Kansas kaolinite patterns show similarity to well-crystallized 

kaolinite indicating a rnarine environment of deposition for Kansas shales 

but the degree of crystallinity is lower than expected l.~d is probably the 

result of diagenetic activity. 

!1ixec-leyered clay ~inerals a.re ccr.nonly found in axgillaceous 

sediments and mn.y be identified using the glycolation and heating effec-ts 

described previously. However, their presence is often indicated by the 
0 form of the illite peak ~t a.7 29. A sherp peak indic~tes no ru.ixed-

layering whereas asymmetry towards lower 29 values shows that some mixed-

layer minerals are present. Most Kansas sh~les e~hibited slight asyr.unetry 

in the illite peak indicatin6 the presence of mb:ed-layered minerals. 

The following X-ray rneazursments we::'.'e tal~un 0 .. 1 samples prepered 
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- ___ ,J, ____ _ 

25 20 25 20 
DEGREES (20) DEGREES (20) 

Fig . 3.2 X-ray diffracrograms of fine-grained quartzes showing the relative 
intens i ties of the diffraction peaks from the ( 100) and ( 101) crystal l~~raphic 
plan9s. (a) crush c,d quartz, (b) Brassfi eld LimestonP., insoluablc :-csidu-2, 

(After Eslinger:-- et al (1973)). 

• 

25 20 
DEGREES (20) 

Fig. 3.3 X-ray diffractogram of shale samplE no.3. within range 17.5-
27.5°20. The quartz peak distribution matches thdt in Fig. 3.2a above 
and indicates a detrital origin for the quartz in Kansas shales. 
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-were taken of the quartz (100) pec..k at 26.66°29, the calcite (104) peak at 

29.47°29, the £eldspar peak at 27.7°2e, the dolomite (104) pea.< at 

30.05°29, the kaolinite (001) peak at 12.36°2e, the illite (001) peak at 

8.70°2e and the chlorite (001) peak at 6.07°20. Then peak areas were 

calculated for the quartz (101) peak at 20.85°20, the calcite (104) peak, 

the dolomite (104) pea..~ and the feldspar peak at 27.7°20. Interference 

.from other mineral peaks wa.8 negligible avoiding, therefore, inconsistent 

peal( area measurements. Finally, usinf; 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 

identif ication problem mentioned previously and no curves could be set up 

for clay minerals as variable cr~stallinity prevented exact matching of 

sample clay minerals and "spL"<es". The resu.l ts of the X-ray diffraction 

analyses are presented in ~able 3.3. 

STRATIGR..J\F.dIC TIISTRIBUTION OF l·ffi·IERALS 

X-ray measurements described previously were taken on the major 

components of 128 elastic rock samples from the Upper Pennsylvanian and 

Lower Permian o:r Kansas (Table 3.3). T'.ne stratigraphic :positions of these 

samples can be seen in Fig. 1.14 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 graphs (Fig. 3.4), shouing the mathematical 

distribution each mineral describes. 

Quartz forms the major mineral component of most shales and varies 

from 14% to 96fa as a population with a slightly skewed distribution. 

The tail towards the hi~er value end of the histogra.I!l is produced by a 

number of s~ndstones and siltstones with high quertz values. 

Stratigraphically, the distribution of quartz in Upper Pennsylvanian 



51. 

Table. 3-3 Results of X- Ray diffraction analyses of Pcnnsylvanaan. and Lower Permian shales d Ka~s. U.S.A. 

X-RAY DIFFRACTION MEASUREMENTS 

Quartz Calcite Fieldspar Dolomite wu•nE IWTE DllDRITE 

I & \ 
Sample PEAK PEAK PERCEKT PEAK PEAK PERCENT PEAK PEAK PEAl PEAK PERCENT PEAi PW PEAi 
Number AREA HEIGHT AREA HEIGHT AREA HEIGHT AREA HEIOO HEIGHT HEIGHT HEIGHT 

•• ICl».O> 100.0, 11.00 u,i. co -Y:oo J.>O 111,.n u.oo 1,,1.,, 1.00 ,.oo za.• ,, ... u ... •• nu.oo 100.c, • • . ro i, ... co 1.to ... ,c •JtG.O) u.oo u11.oo ,.oo •• 03 U.C3 ,,_., 11 ... 
zo ...... o, 100.0, o.oo ,.,,.oo 11.00 •. ,o .. u.oo u.oo uu.oo 11.co 11.0-, u.c, 11 ... ..... 
ll un.o, n. co z•.c, uu,.oo .,.co u.:e ,1.,.,, •• oo n, • . o, ,..00 11.0-, lOoH .,.oo , ... 
l l •01 •• 0 , ••• o, zz.oo u1,e.oo .,.,o 11. 00 lt7'.00 •• oo ,,,,.,o 21.co ••. o, 1.0> u.o, 1,.00 
l• uo1.o> n.oo <0.00 400.00 ,.oo • . , a •JOl.)) u.ro 1'0,.00 11.00 1.00 to.l!O u.o, ,,. .. 
ZS u o,.o, ... O> u.oo JJl7. CO ,.oo ,.: o • ,, •• ,o 11.00 nu.oo ,.oo ,.n 11.ao ,, .. , ..... 
u 1200. 0, 1)0.0) .,.o, •r11. oo u.oo •• ,o ,,,,.,, ... oo 1111.,0 ,.co •. o, u.ao u.oo 11.co 
27 4 l JJ .OO "·°' z•.oo ,,,,,.co n.oo 11.co un.,, ,.co un.oo •. oo z.oo 1.0> 11.0, u.oo 
u , .. ,.o, n.r> • 2 . 00 J hJ. CO •. co •• ,c ""·°' 10.00 u•a.oo a.co 1.0, ··- ,o.co , .... 

1 .,. •• oo 100.0) ,:..r, nu.er o.oo ,.~o •UJ.)O 10.00 4l1J.OO 1.00 •• oo '·" 11.00 ••. oo 
3 1 .,,2.0, ,1.0, n.oo 1111. co •• co ,., c .. ,,.,, u.oc 1'01.00 1.00 ,.oo zo.o, n.oo ..... 
ll .,, ... oo to.o> 11.00 >••z.oo 1. r o 1.00 11'I.OO 11.00 Ufl.OO 1.00 .. 1,.oJ n.ro IT.00 
H •• , •. o, ••. c, , •• oo ,on.co so.co u.,c .,,..,, n.or ,in.oo ,.co 11.0, 11.co u.oo 11.00 ,. ,., •. o, 11.0> ,,.c~ u,n.oo u.oo 11.00 ,ou.01 u.oa 11 .... 0, 10.00 •. o, 14.f» 11.00 u ... 
lt 210•.01 JI.OJ 11.0 , 1177'.00 . , .co ,n.,r .. .,.,, •• oo u,11.00 n.oo )t.0? ... r, •• oo 11.00 ,. 100,.oc u.o, 14.00 ,uo. oo 10,00 ,.oo 011.,0 .,.oo zn•.oo ,.co I.OJ "·°' 11.00 zo.oo 
• o .,.,.o, n.oJ )1.0J 11'4,00 l,CI') ,.,o .,.,_,, u.oo 1u,.ao ,.oo ,.o, i,.o, ... oo 11 ... .. .,.o, n.co l Jl00.00 n.oo 1,.00 , ... ,.,o 11.00 •• ,,.oo 10.00 •. o, u.n , •. oo lloN 
0 ,n,.o, H.oo J).00 J4U. OO 1.00 ,.oc .. , .. ,, .,.oo ,,,4.00 •• co r.oo u.o, u.oo ..... 
•• u,o.oo 11.0, n.oo • .... oo 11.00 ,.oo '1",0" 14.00 Ju ... o, 10.co .. ,, ••• 0) i,.oo ... oo 
'1 . ., .. ,, ... ,, u.oo on.oo u.oo ,.oo ... ,.,o u.oo un.oc ,.oo 1.00 , •• o, u.oo zo ... 
•• 1, 01 .0, 100. ~ • z . oo ou.oo u . oo 1.00 • .,, .,c u.oo 4107.,a u.co 10.0, 11.0, .,.n ... oo ,. ,,,s.01 uo.c, ., .,o lllU.00 •~.co 11.,0 ,.,.,.,, ,,.oo 1)14.00 ,.co ,.o, n.oo 11.o:i ..... 
,o ..... ,, ... ,,., 11 .0, 1111.00 JS,t'O 11.,a ... ,.,, 11.00 zon.oa •.c.o •• o, ,.oo 11.00 ..... ,, • on.co 41, r'l z, . .. , HOl.0 0 1.co 1.n u1•.,o ,.c, Z>>J.03 ,.co .. ,, ,.o, n.eo ···-•Y U ZI. OJ 100.0> u.ro )0'7.00 1.00 ,.oo 14'1.>0 11.00 1,01.0, ,.co T.02 >•·"' "·"' .... 
1r 1111. 01 1,0. 01 4,.oc ,,~1.00 T,CO •• , o ., ,. .,, 11.c" ))1).)) ,.co •• ,o , •• o, u .oo zc:.oo 
ll 1 , z,. 00 I OC.Ol 41, CC" uo.oo u.co ,.or .,,,.,, z,.oo ,,,,.,o 1.co ,.,J u.o, 11.00 n.oo 

IIC , ... . c , U.JJ ».o, •01,.00 n.oo ,.n ,.,.,,.,, 11.00 ,,,,.,o ,.co .. ,, 17.c, z,.oo u ... 
11 n u.o, 100.rl u . on uu.oo •• oo ,.,o oo,.,~ 1•.00 1,u.oJ ,.co ,.,, "·" .J.H , .... ... u,,.,, "·" n.oo 11,0.co u.,o 11.10 u oa.,, .,.oo un.oo ,.oo ,.o, u.H .,.oe 10.00 
u 1on.oo 100.01 n . oo z , 4 •• 00 ,.co •.oo ,io,.,o u.oo J4tl.OO ,.co ,.cJ .,.o, ,:.ro 
12 1 00 •• ,., aoc . c, ,,.o, H••. oo ,.co ,.o r .. ,.,.,, u.cc ,,, •. o, •• co ,.oo n.o:i 11.r.1 ..... 
•• , oo.oo 11. 0 , u.co HII.OC u.co ,.,o hll.l> ... co Zl>•0.00 ace.co .,.oo •. u ,.u ..... ., '2 '1.0l ••. o, 1,.0, IJ,t•.oo ,,.co 11.,c noa.n 10.00 zna.,o ,. co •• oo u.OJ "·" u ... 

> ,, , ,.oo 11.01 u.r, 1• •1. CIC" ,.oo ,.oo ,o.,.,o ao.no ,, ••• oo ,.co ,.:, JO.OJ u.oo 11.00 .,, un. » ... ,, •t .t"~ uu.oo c..co ,.:"' '71).1' u.oo un.oo ••N ,.oo n.o, , ... oo 11.ca 

••• n ... o, •z.c, ,1.00 ,..,,.oo u.co 1 .oo \JTJ.O"I ••• oo nn.,o ,.er •. o, 1.t:1 ,..CD .... 
z•• ,, .... o, ,,.o, 4).l'(' ,,,,.oo .,.co ,.oo ,.,,,.,o ,,.oo ,,,,.oo ,.cc •. o, 1•.00 u.oa 11.00 
z• • 1417).0, 100.0, n.oo 1.00 ,.co ,,,,.,o u.oo Ult.GO 1.co '·" •• 0) 11.ro 11.00 
z•o 11111.0, i,o.o, n.o zn,.oo ,.C"O ,.:,(' ,.-..,, .,.oo uoo.,, ,.co ,.10 , •• o:, 11.co .,. .. 
ll• · ~•1.00 100. ~J H.Cl 1,, ,.00 ,.oo 1.00 ,au.a, 11.00 ,.,,.,, ,.co ,.,, n.oo ,r.oo ..... 
111 11,,. ,~ 100.c, , :, . o:, , •• ,.oo 11.00 1.or ,,, ... ,, 11.00 un.,, ,.co ,.o, zo.r, 11.0, i,.oo 
ZII 10,.,.,0 100.0J ,,.cc •121.or 1•.00 ,.,o ,.,._,, • ,.co 111,.0, 11.00 17,27 11.Dl 11.00 u.co 
u, IJJn.o, 100.0, n.oc uu.oo ,.,o ,.er ,n,.n 11.co uu.oo ,.co ,.o, n.o, JJ.OC' JC.00 

,z,,.oc n.o, u.no 1on.oc zo.co u.00 410t.O f'I u.oc JJU.>1 a.co '·" 11.c, 1::.0, 11.00 
11 0 . O) ... CJ ,, .o~ nu.co 11.00 11. t A 1~,,.,o u.oo z•o, .,o ,.co •• o, .. ., u.oo 11 ... 
Ill IIOH. 01 too. co s, .rr z,,,.oo ,.co ,.oc •IJZ.O> a,.oo uoo.oo ,.co ,.o, n.c, , ••• 0 ••• oo 
Ill •••• . o, 11.r:i ,,.rr -.1 01.co a.co 1.oc ,1111 1.0 , 11.oc ,,zz.o, 10.co •-o~ u.c, n.oo ,. ... 
IJO ..... . oc ,1.0, z,. o:- n1,. oo n. t o 11.00 llrt.» •• oo ZIJU.1' 1co.oo ••• 02 , . ., u.u U.N 

" ., , •. o, u.o, zt.C> 110,.oc .,.co 11.co ,.,_,_,, •.oo ,, .. ,.,o u.co 10.co u.o:, 14.0t' 11.00 
UI ••u.oo U.Cl 11.r, JJJ• .co ,.co ,.oo ••• ,.,o 1•.00 iru.,o ,.co ,.a, )1.0) ••• co ,,.oo ., 1111.c, ,a.01 H.r? , •••• co ,.er ,.0~ ,, ... ,, 11.rr ,., •. oo •• co ,.o., zo.,, u.o:, U.N 

-~ 
••• ,.,o n.o, , • . o, , , n. cr 1.co ,.c:o ,,o,.oo u.oo ,,,,.oo 1.0I' .. ,, 14.10 11.C'"'I u.oo 

II ,111.e , 11.0, u.o, nu.co 1.co ,.:i r ,u,.,, 11.or ,,,,..,, 1.00 1.0, 11.0, n.ro u.oo 
0 u,,1. 00 100.0, 11.c, 111,.00 ,.co ,.co ... ,.,, n.oo u1,.oo •• oo Y.0) u.m 11.0, u ... 
u, 10,1 .0, JO.C, 11.c , I 10,1.00 .,.oo 11.GO 1,, •• ,, ,.co 11)14.00 n.co ,,.c" 7.0> u.oo lJ.00 
Ill lHIJ.00 1,0.00 .,.o, •• ,,. oc .. ,\.0 J.00 .. , •• oo •.oo 11n.,o ,.co 4.:~ •.oJ 10.or 
IJI , ..... ,, H.OO z ••• , •10,.co 1, •• 0 u.,o .,u.,, 10.00 JOH.O? •• co 1.00 1.00 ,..oo n.N .,. .,.1.00 100.0, JI. C:" ,201.00 zo.co •• ,o .,,,_,, 1,.00 uu.oo z,.co u.o: .... ~J lt,OC" zo.oo 
1)7 •n1.c, ,o.r, ,,.r, zzz,•. on 1'.to 10.00 , .. ,.,, a.C'e 11,,.00 ,.co ,.c, •. o, 11.00 

••• .. ,9.0) IOC.C> .,.cc uu.oo 11.co ,.oa ,,1,.00 11.00 ZIU.00 ,.oo .. ,, IJ.O) 11.rc ••. oo 
1,c . , ,1.: , t>O. c, 41.1,0:' un.oo 1.ro ,.,o un.» 11.oc nu.oo 1.00 1.00 .. ., u.oc ,,. .. 
l'1 , • .,,.oc 100.~1 41,"l HIJ.00 1.00 ,.,o ••• ,.,o 11.00 ,, .... , •. ,o .. ,, u.o, u.eJ zc.N .,, nc,.co 100.oJ , : .c, z•et.CO ,.co ,.,c 1u,.,, ••.or zu,.o, ,.oo ,.o: "·°' ~.ro , •. oo : 
us ,u •• o~ 100.r, ... r> 11, •• 00 ,.co ,.co t7U.)O 1•.00 z,n.oo t.N ,.oo 11.0> ,,.oo za.oo 
ICS ,,.~,.o~ u.-, ,., .,, u1•r .oo .,.co "·'" uu.» 11.00 u11.o, ,.co •-C~ u.o, ,, . ., n.N 
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MlllERALS 

STATISTICS 
1 'ean 

St.and.ard 
Deviation 

dian 

Minim\U!l 

18.Xi.'nWll 

§_~~ Statistics of X-ray Diffraction Meast~ .. orr.entn 

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

QUARTZ 

PH PA % 
76.8 6611 .o 36.2 

25.1 2673.0 13.4 

86.o 6476.5 36.5 

17.0 2107 .o 14.0 

100.0 18913.0 96.0 

1-RAY. !-~SUREIJENTS 

CALCITE FELDSPAR 

PH PA % PH PA 

26.9 7648.0 10.9 13.6 4332.0 

28.5 651.,G .o 8.6 6.8 1537.0 

12.5 5694.0 1.0 13.0 1,.251 .o 

3.0 1982.0 3.0 3.0 1368.0 

1 oo.o 30646.0 41 .o 39.0 9967.0 
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DOLOMITE 

PH PA "'-I" 
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20.1 41~8.0 9.4 

7.0 3067.0 6.o 

3.0 1341 .o o.o 

100~0 27>333.0 .... 52.0 

··'-

KAOLINITE ILLITE 

PH PH 

. 15.5 28.8 

1 o.o 1 J.9 

16.0 21 .5 

4.0 1.0 
51 ... 0 62.0 
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CHLORITE 

PH 
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33.0 
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;:;~. 3.4 :ll5toqrams showing tho variatlon arirl distribution of the majur mineral components r.1easurnd by X-ray 
"1i ffr;Jction; p~al< an::as for (a) qw.r-~l, (b) calcite, (c) foli::spar, (d) dolomite; peak hcdghts for (e)kaol inite, 
Cf) i I Ii te, and (gJ ctilorite. Vertical sc;1le is Oto maxirnurn value in 10 divisic:-,s. Nun1bers on tha righr of 
·.J.1:.h his1ogrc.m ~re the to"i"c1I number of sc::,rnpir::is contrlburino to P.ach division. 



and Lower Permiun shales (Fig$ 3c5)~~ ca.71 be interpreted in ter,!:~ of five 

zones. First ly the Plcc1.santon, K~.:1.sas City end Laneing Groups a.re 

disi;5.nguished by samples with relati.vely low conc..e1ntration:::; of g_ua:rt~ 

( f:.con: ~L 7 to 57';~) and larc<e fluctuations in concentration bctireen sar.iples. 

Secondlj'", the Douglc>,s Group are rich in qua:ctz ( up to 85i) a.s they 

consist mainly of coarse silts and sa..'flds, whereas the succeeding Shaw.nee 

Group sl1ales are characterised. by variable quartz concentr.a.tions (16 to 
' The Wabaunsee shales have mo:ra stable que.1:-t~ values ( 21 -~o 52'i) 

. . i r.d icating consistent 8nvironmental conditions, antl a ge~P,ral tendency for 

s maller concent:cations in -the younger beds. This is reversed in the Lov,er 

Pe:cmi an G:!.'oups where increased values a.re recorded in Ches~ Group sruuples. 

Nevertheless, the percentages detm:1nined are still low (14 to 48',h). 

J.:'eldspar maasuremcnt3 of peak area (.Fig,. 3. 5) and pea.~ heig!lt 

stratie;raphically vary in a sir.dla.r mH.nner to the que..rtz distribu~ion 

indicating· a detrital association between the minerals. The grc1.phs 

correspond within the Pleasanton, Kansas City, L2:1sing, Shawnee and Lower 

Permian Groups, but the high quarlz vaJ.ue s in the Douglas s&1ples are not 
0 . 

present in the feldspar mer~su.:ceraen ts. 

Periods in whic:i low quartz vah4es a!'e r·ecc:;::·J.ed such as the Sha~·mee, 

Lower Permian, Pleasanton, Kansas City and Lansins Gro-'1ps are marked by 

Note th2t the stratirrraphic distributions illustrated in Chapters 3 
and 4 with the exce:ption of Fig. 3.17 a.re calculated by avereglng, .for 
individual stratigraphic i-lembers, all included sa.r,1ple values. By carefully 
examining the mineralogical and geoch8rnical resul +,s, most of the a.at~ 
variation was .found to be between f'iembers rather than within Eembers, a.llm!ing 
a certain deeree of artistic lic3nce in illustr~i.tinr: the strati.r:-ra!)hic 
d • t. "h t· ·r+ ' ' ., "' • 1. '-'- -r .:11 .,....l.r..,ti· •·,- f' lS , rJ. 11 . .1.0rs. . J J.S prl~:''.:'~:1- - Y .!.Cr ~, -:-... _J.Cl.1v? c ... .._ __ ,; ., · ,·,.1 ..... ::''""-o :.--<? 
tnat s an_!)le avcr~.ges are er.1ployecl. .Ho-.·1evcr, it should a.l~o be: noted that 
intcrpreti,.tion of theoe distributions tc.1ces the G('neralisation i 1to accourit 
and that the fi::ures considered of major importance to t}:e c.:onclnsiono drawn 
in each cha.pter, contaJn a.11 sample values (Fir-rs. 3.17, 5.8, 6.19, 6 24 
Md all distributions in Chapter 7). 

'fo ca :-:C? the intt?rpre-t.a tion of s t:i:c:~tl •:·ro.p!liC distri butio.~::; p!.'onuced 
in C'h ~ptc .. J:s 3, 4, 5, 6 ~.:nd 7, a ~urn:i:..-.27 ~ur:cE:ssion is presented in ?i;. 3.5. 
A fold-out copy of this section can be found at tha end of the t~esis. 
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intensive carbonate generation. :Botb calcite ana. dolomi tc distributions 
I 

(?ig. 3.6) show lo·..; values in the Douglas and. Wa.baunsee Groups (avere.,ging 

5 • to 10% carbonate) whereas calcite shows high concer1trations in the 

Lower ·Permian, Upper Shm-mee a.nd. Ka.T1sa.o City Groups Gt!lcl dolo:.lite has high 

values in the Lansing, Colli~cil Grove and Chase Groups (Fig. 3.6). 

Differences in the peak a:cea histograms of these mineral~ (Fig. 3.4) 

indicate a possible cause for the v-ariation between carbonate stratigraphic 

distributions. The ca.lei te histogram approximates to a "normal" cu_rve 

(averaging 15 to 25%), whE:..ceas dolonite snows a bimodal histogram with 

one ~oup of samples with low values (5 to 10% dolomite) 2JJ.d another with 

exceptionally high dolomite ( 50% average), indicating that the d.olomi te 

present may be of secondary diagenetic oriein as opposed to the prim~~ 

precipitated calcite. Petrological evidence (Chapter 8) supports this 

conclusion. 

The three major clay mineral components have skewed (kaolinite and 

illite) or irregular 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 highapeak 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 0£ 

similarity to other mineral distributions. 

Summary trends of mineral distributions show evolutionary patterns 

in shale mineralogy throughout the Upper Pennsylvanian and Lower Permian 

(Fig. 3.a). Q;,.1artz, feldspar and the clay m~nerals have negative trends, 

and the carbonates, calcite and dolomite display the reverse. We can 
.. 

infer; therefore, that generally, the environment of deposition was 

conducive to carbonate precipitation in the ~wer Permian and to the 

development of detrital elastics in the Upper Pennsylvanian. 

This environmental association 0£ miner~ls is supported statisticaJ.ly, 
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with respect to the other mine::r:2.Js. Hig:1 cor:cel2..tions a;.•0 recorded 

·i... i. • d J •. 1,;n. •.,i·.r ecn quart: ~ 2.11 ca . CJ. ~s; 

• 1·1 • t :i 1 • ' :1. J. e -w1c.. ca ci i;e. Tl· e sz a.re _nro il~l~E:d ·1)r5-r1aril v hv the inve:c3e . ., .. 
rel a ti.ons!dp bet i·reen n,iner~l ~ !?0;.1:p s c:1::i..racte~istic: of elastic and 

On exa!'.1 i n i nP. the mine:ral oi:::rr.ritutj ens by eye, it is eppa.rent ths.t 

quart:;.. ~1r~cl c a lci tG show r epcti t iv-~ vri....riability in a .3tratie:~ar1~_ic sens€, 

i o c. there is a sirat i ,:;raphic oscill~.t ion of :peaks a..nd t1:ouz:is in the 

Perr--:.i:m s ha le s . ry1his, we ca'1 interpret i;1 te;::-ms oi' chro1gine seii~,entary 

env ironments. For e:;rample, shales in the Pleasanton, Kans.as City and 

Lansing beds o :-~ cillate between calcite ~.nd quart7' dor.iinated mineralogies. 

This pattern is repeated in the Sh~;.mec and to a mir.or e~~tent in the 1~,~c:r 

1) • ... ermian~ 3 et~reC;\n these oscilla.io1:y s trat5.g.raphic zo11es; t.h9re- e.re bec!s of 

relat ively quartz-rich cha.le . .,, namel~,.r the Dougles ~ric ,,,r:::,"oaut!seG Group 

elastics. It app ears, therefore, that there are two cycles of events 

being recorcled in the quartz a-n.d calcite r~ineral. di:-trib·1.1ticns, fir~tly a 

short-term bed b;:,· bed occillatory variation n.nd scccndly s. lorig-tei·r.i 

Group by G:t·oup rep8ti tion. 

tested using a statistical procec1·~11.'e cesie;-,ed 01.·5.Ginaily for \-!'d.Ve-f'orm 

ar..alysis in ~lectrical engir1ee·!.·i!\'!, Jourier anclysi~ , and the natural 

cycles rccoc nis0cl.. A serie·s of corn),1L0.tion s hP.ve to be pcrforDeci prior 



TABLE 2:.,2. Sil~ILARIT·t NArr:1HIX FOR T:IE !:1Il-1SRAL DIS'I'RI!YJ1l'IOUS .... .......~-•--• ..,.._,-------·------------
employing correlation coefficients. Note that althoueh peAk a.res. 

measurements were used. for quartz: calcite, feldspar an<;i dolomite, and 

peak heights for kaolinite, illite anc.l chlorite, the correlation 

coefficient is a unitless measure and as such the origL~al meamirement 

units have no influence on the similarities :recorded. Only the lower ,,. 

half of the correlation matrix is reproduced as this is a mirror image 

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

j .i·; icated by * and at the 99% level by -H. 

Q"LLARTZ 1 "00 

FELDSPAR o.26~ 1.00 

CALCITE 1.00 

D0L0HITE -0.20* -0.21* 1.00 

KAOLINITE 0.20* 0.10 1.00 • 
ILLITE 0.73-H 1.00 

CHLORITE 0.16 0.14 

MINERAL QUARTZ FELDSPAR CALCITE DOLCHITE KAOLINITE ILLITE CHLORITE 



Yalues vii th irregular dep-th :i.nter-,,"als to a :pattern of values tEJ.~(en at a 

con stant depth i~1tervaL. An interval of 10 feet (3.05 r1)* ~,us chor.en 

as the most p:1.--.s.ctica l equal sp~.cin~ interval e,s Schwa.r.?.acher (19G7) ht.3 

shm·m that the s r::al] E) St li thoJo :.::-tcal cycle occur at intervals of 45 

f eet, aivid a ny l n.rGe:: equal cli ctDnce ~:ould obscure the cc cycles. The total 

number o f data. p0ints is, in this ·way, increased fro1:1 :..?.3 to 218. I!'l the 

cas e of th0 que,rtz dist ribution shm-m in Fie. 3.9R-, it was noted that 

although f.". '",jor peaks corre spond to those i n the raw da ta. plot (i?ic, 3. 5), 

it ,:fas possible tha t t !'lrough t.nis interpolation precess, there ma., have 

been a si c:~1 1ific2.nt 8-lteration to the raw data variability and t:!:'e;1d. A 

l inear __ n~i-·ession analysis hO\rnvcr, showed that ~lt1: oveh the trend a!ld 

goodnes r, of fit mea sures had chanced, the differe:1ces 1-;ere acceptP.,ble, 

i o e D goodne s s of fit increased from • 06 to .13 and the correlc.1.tio.t1 

coe ffic ient f 1:.·01i1 • 26 to • 37. 'I1he eq_ueJ. spaced da.ta was then 1.~u...""l th.rouDh a 

Fourier ai.--ialysis and the raw pm·rer spectrum cnlculatecl, is shm·m in }t"'j g. 

3.10. It ca.'11 be seen that the t\m ma.in pea"l<:s corresponding to the 3rd a!!d 

7th harmonics (multiples of the fundamental waveleneth chos~n i.ee 10 foot) 

are indistineuishable from surrounding points. troise in the equal 

spaced data may have produced this power spectrum. fuzziness. An 11-term 

smoothine operation on the re.w d2ta, however, rem0ved the short terra noise 

·a.rid revealed the power spectrw:1 shoi.-m in Fiff. 3 •. 10 (da8hed lines). 

Features retainecl in the snoothed power spectrum incl1Hle two main pea.."lcs at 

the 3rd a.nd 7th haJ..':.!onics and sub~idia.ry peaks at the 5th, 11th, 13th and 

14tho These indicate ft"· .. r:damei1tal periodic element~ in the qua:r~:z 

distribution with 30, 50, 70, 110, 130 and 140 foot intervals, thn.t nay ba 

* 1Tot'3 -~hut it is no·.-, a noz·GE;..1 policy in geolocy theses to quote 
distance· in l'ietric tGrns. Cer~ain :portio1w of this rccea.rch l.'(; ::'. . .'t:, 
h0".10vcr, :i <? :!."forr.:?cd b G~o 1:.) rfr2tric~tion ,-ms nn accepted practice ru1 ~ome 
re -ul ts 11ill thorcfo~·f: be c1uo-cCJcJ. in feet. ~'his pe.rticularly :1!=':'liPs to 
Fou:.:·ier .. --...r 3.ly~is reGults HoHF·.,Pr, in Jnost s~ctions of this thesis, 
adj uc"t:rt.e::-it 8 hr-vc bee:n f.1'1.de i:i.!1cl di2tances are quoted in netres ·ri tli .feet 
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explained in terms of oscillati0ns in the q_nnrtz ve.ltwG of Pl~asanton, 

Ka.."1.sas City, Lansing, Sr.a,-mee and Low?.r Perrni~m shales. 

5a. 

Al thoueh these feature:s were recognised initially in the qua:::·Ji;z 

distribution, no evidence for these concluoions could be found in the 

power spectra of dolomite, feldspar, illite, chlori-ce or kaolinite. In 

ce.lci te' s spectrum on th':! othe:r- hand, a peak was developed at the 7th 

harmonic and ··a plateau at the 3rd. However, the negative 2.ssociation of 

calcite with q_u~rtz in all these results, raay only be a reflection of the 

closed data set under examine.tion (see Appendix 1). 

MULTIVARIA~E S'rA'l~ISTICAL .ANALYSIS OF THE l-IINE..FlA.LOGTGAL DISTRIJ3UTICI~S 

In the previous section we have noted how some minerals vary 

stratigraphically in relation to aach other, ~"1d how some snow periodic 

elements in their distributions. However, it is very rare in the Earth 

Sciences to find a single factor such as quartz percentage controlling 

the development of sedimentary environments. It is normally a combination 

of variables that produces the overall sedimentological efrects, e.g., in 
• 

Kansas an assemblage of mineral distributions may relate more approximately 

to the periodicity of shale deposition than one mineral phase. 

¥ro.1 ti variate classification techniques enable the investigator to 

quantify the relationships between variables an~ classify shale sa~ples 

into groups dependent on the variable relationships. The distribution of 

individuals within the_ groups matched against depth, can then be used to 

indicate stratigraphic divisions not praviously noted and any repetition in 

the shale group associations. 

With this in l'!lind, an R-mode principal components analysis of the 

peak area measurements of quartz, calcite, feldspar and dolo~ite and the 

peak heishtn of kaolinite, illite and ohlorite ·as performed. Three 

components _wer~ found to be ~lgnificant (i.e. eigenvalues c-reater than one). 



sil!d.la..r rP.lationships to the sir.ri:,le correlation coefficients, On the 

first conqx.nent, the carbon~te minerals have high positive loadings 

whereas illite, chlorite, kaolinite, quartz ai.-id felds:paz- have high negative 

loadings. This component can therefore be considered as an indicator of . 
elastic or carbonate conditions of sedimentary deposition. Similarly, the 

second component's high ponitive loc:dings for quartz end feldspar and 

high negative loadings of calcite and clay minerals reflect the detrital 

versus non-detrital origin of mos~ of the shales. Quartz end feldspar are 

ccmmonl:'.r associated with dctrital sediments and calcite is normaJ.ly a non-

de t ri ta~. mineral. It would seem a.t first ,glance, unusual to note a 

connect i on of clay minerals with calcite, but it nm.st be reme!~bered that 

many of the thin shales occurring bet1·reen lil!lestones in the KP .. nsas City 

and Shavmee Groups have high values for both calcite and clay minerals. 

Alternatively, this component may reflect the high quartz and feldspar 

content of some coarse shales, silts and sandstones and corresponding leek 

of calcite and clay minerals in theoe 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 secondarJ mineral origin. As noted previously, the irregular 

distr.ibution of dolomitic shales indicates a diagenetic origin for the 

dolomitic shale samples. ~!e can now express the variation of mineralogy 

in the Kansas shales iJ1 terms of three geologically interpretable components. 

An attempt can, however, be made to clarify the geological interpretation 

of the components by emphasising the J.oadin::s of the influentie.l variables 

using the varimax and pronax rotation procedure (see Appendix 1). With 

the component loadings matrix, we find that on varimax rotation there is 

an accentuation of the clay mineral loadings (Fig. 3.12b) on Factor 1 and 

the quartz/calcite ru1tipathy is weighted more strongly on Factor 2. The 

highlighting of known information ha~ proved valuable but with promax 



• 

co, iPONENT I JO. I . Eigenvalue 
Variance 

= 3.05 
=43.52% 

- I Ch K Q F D C 

__ l_Lf.i i. -~- .~or----. ____._I,_ 
-I .0 0.8 0.6 0.4 0.2 

COMPO~~F.:f~T NO. 2. 
0 +0.2 0.4 0.6 0;8 I .0 

CK Ch I 
11 : I ! I ,,-----o·...,,-,. --= 

- 1.0 0.8 .o 0. 4 0.2 

COMPOi !ENT NO. 3. 

D 

f 

·FQ n 
O +0.2 0.4 0.6 

D I Ch Q C F 

Eigenvalue= !.29 
Variance =18.39% 

0.6 I. 0 

Eigenvalue= I.Oi 
Variance =14.~8% 

----· 1---r--r u-,.----r--_ 

- I . 0 0. 8 0. 6 0. 4 0. 2 o +O. 2 0. 4 0. 6 0.8 I. 0 

KEY 
D 'I;: Dolomite 
C = Calcite 
F .. Feldspc.r 
Q = Quartz 
I<. = Kao Ii n i t0 
Ch= Ch I ori ts 
I = I 11 i te 

Fig. 3.11 Principal Axis Loadings of the significani components (i.e. 
components with eigenvalues> 1.0) 



+ I .0 
(a) Pri nci pa I 

0.8 Loadings 

0.6 

0.4 

0.2 

Component 

5 

+I. 0 . 

+O. 8 

+0.6 

+0.4 

Cb ) Vari ma,x 
loadings 

-1.0 0.8 0.6 0.8 I .0+ .2 0.4 0.6 0.8 1.0 

6 
0.4 

0.6 

0.8 

-1.0 

II 

3 

5 

-1.2 -1.0-0.8 -0.6 -0.4 -0. 2 

• 

II 

+ 1.0 

+0.8 

+0.6 

+0.4 

+0.2 

0.2 0.4 0.6 0.8 1.0 
-0.2 

-0.4 

-0.6 

-0.8 

( c) Promax 
loadings 

-0.8 

-1. 0 
11 

Fig. 3. 12. Plot of loadings on iwo components ex-trdcted from raw mineralogy data. Vari ables plotted are 
Cl) quartz, (2) feldspars, (3) calcite, (4) dolomite, CS) kaolinite, (6) illlte, (7) dilorlie. Note that 
Promax factors I and I I are not orthogonal, (Correlation= -0.0308) but for slmpllclty, are drawn so. 

I . . 



60. 

rotation ( en o bli(}_u~j factor rotation .• sea .Appendix 1) of the min~~alogJc2.l 

data, (Fig. 3.12c) interpretation becomes a rcci,jor problem. The resu.J.ts of 

promax rotation will therefore only be included for comparative purposes,. 

HavinG established the variable relationships, scores of samples on . 
the components a.re cal cu.lated by Harman's short reg.cession nnd squa,:-e root 

metho~ (Harman, 1967, pp, 362-369) and form the basis of the sa.!!lple 

classification now undertaken. A Q-mode cluster analysis arranees the 

samples on the basis of their scores on component o.xes into the hierar~hica.1 

structure ( dendrogram) sho•.-m in Fig~ 3.13. The dendrczrara can be divided 

into eight clusters, (labelled A to H) that z-epresent natural eu.bdivisions 

of the s ample classification. However, before placing faith in theee 

resuJ.ts i • it is necessary -co ensure that the groups of san:ples axe not just 

e. product of the clustering proceduxe (see Appendix 1) but are 1L"1ique 

subdivisions of the sample population. A multiple discriminant analysis 

( a procedure for statistically developing functions that maximize bstweeri -

group variation) of the raw mineralogical data., arranged in the same mar..ne!.· 

as the dendrogram, produces a distribution of g£oups shown in Fig. 3.14 

a.~d 3.15. The mineralogical nature of the groups ca.~ be detern!ined by 

superimposing the relative contribution of each variable to each axis 

(Fig. 3.16) on the discriminant plot. H end Go.re, therefore, recognised 

as groups of highly .dolomitic shales and Das more argillaceous than the 

others. On the other ha"'ld, quartz predominetes 1.n group C samples and 

calcite in E. A, Band F appear to be intermediate groups in both 

Fig. 3.14 and 3.15. Examining the raw mineralogical data, it is noticeable 

that samples in F are more akin to group E than to 13 or A and this is 

emphasised on the plot of 1st and 3rd discriminant axes (Fig. 3.15). For 

simplicity therefore E and Fare combined. 

A number of in~ividual~ from eroups whose boundaries ar~ closely 

related (i.e. A, Band E) are also misplaced by the clustering algorithm. 

Manual examina.tion of sami:,le ecores on the first three discriminant axes 
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indicate that sa.rn::plP,s 281, 298, 270, 256 1 79 s 41? 136, 197 s~1rJuld be 

i,,t-tached to group E while sample 20 is mor& natu:r.-allv e.csociated with .. 

61. 

grou.p A. On reallocation we can conclude that the seven groc.ps established 

are now miueralogically distinct. 

A plot of samples arranged according to their cluster e.nalysis 

group against stratigraphic posit.ion (Fjg. 3.17) reveals seYen zones in 

the Upper Pennsylvanian a11d Lower Permian stratigraphic column. 

2 . 

Pleasanton and Lower Kansas City Groups. 

Upper Kansas City Group. 

Lansing Group. 

Douglas Group. 
- . - ... . . - .. . --

Shawnee Group ( inciud.i~g the Upper La,,.rrence Formation of the 

Dougl as Group) • 

6. Wabaunsee and Lower Admire Groups« 

7. Upper Admire, Council Grove and Chase Groups. 

Each division is characterised by differing mineraloeical and sedimentological 

conditions. The Pleasanton and Lower Kansas City Groups, Lansing Group 

and Sba,mee Group zones show an alternation of calcite • (normally 

associated with limestones) and quartz - rich shales (pr~dominantly clusters 

B, E and A) indicatin.g oscillatins calcareous and non-calc~eous environments. 

The non-calce:r:eous sediments could have been derived from ei·i;her the 

lowlands to the north a11d east o:f Ka"'lsas or frorri the Cua.chi ta orogenic 

belt to the south. Source areas for the shales may be distinguished by 

comparing their· geoc:1e.mical and mineralogical refml ts ( see Chapter ,·). 

On the other hand, the calcareous sediments were deposited at a ti~e of 

predominantly limestone deposition and could represent either norraal 

marine shales or the equivalent of limestone insoluble residues. A6a.in 

such diffcre?nccs will be discussed in Chapter 7. 
The Douglao and Wabaunsee Groups a:::.·e doIT1inated by shales that have 
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quartz as the prima.r-.f I!iincral component ( clusters :B a.ntl C). The Dcaglas 

Group shows the most extreme values of quartz content as the sedi~ents Gre 

la-rgely coarse siltstones and sandstones. The Wabaunsee does also have 

coarse units but no samples are recorded in cluster C unlike the Douglas 

or even the Shawnee Groups. 

In the Upper Admire, Council Grove and Ch~se Groups, considerable 

periods of caxbonate deposition (cluster E) are broken by an occasional 

quartz-rich shale (cluster B) or intermediate shale (cluster A), 

indi cating an overall change in the sedimentary environ~ent. The increase 

in arbonc2.te formations is a product of the gradual restric·tion of the 

Kanr~as apeiric s_ea during F,arly Perman times (Heckel: 1972a) and is 

fol l owed by a succession of evapori tic and calcareous beds i1;l the .r~ddle 

Permian .. 

After establishing the nature of mineralogical variation with 

respect to stratit:,rraphy, ue can postulate a Group-by-Group control of 

sedimentary environments by local or regional tectonic events. Support 

for such conclusions may be obtained from the geocnernicsl su.....-rvey in 

Chapters 4 and 5. t 

CONCLUSIONS 

Upper Pennsylvanian and Lower Permian shales of Kansas, U.S.A. 

have been examined by X-ray diffraction and a.re found to contain quartz, 

calcite, feldspar, dolomite, kaolinite, chlorite end il!ite with 

occasional pyrite, jarosite, gypsum, montMorillonite and mixed-layered 

illi te-~ontmo:r:illonite anci. vertiiculite-chlorite. The primary mineral 

components of the shales have distributions that show Group-by-Group 

variation. Quartz, calcite, feldspar and dolomite distributions in 

particular ere affected by changing sedimentary and tectonic environments. 

Plottincr mineral componEffls o.gainst depth, ~- number of str.atif_;raphic 

zones cGn be uetectetl. These urE! ~- l;leasanton-lvmsas City-Lansing unit, 



a Douglas Group zone J a Shawnee unit, a \·!a~aunsee unit e.ntl an Admire 

Council Grove-Chase unit. Statistical ~-naJ.y°sis of the qua.i~tz stratigraphic 

distribution emphasises these relationships but also reveals 30 ft. 

(9.3 m), 70 ft. (21.7 m), and higher interval pa.tterns in -cne quartz d[::.ta . . 

This may indicate that the mine1:alogical conditions of the Upper PenJ1sylvanian 

and Lower Permian are repetitive, but it must be noted that none of the 
_,,, 

other main components show similar patterns. 

A multivariate classification analysis of the mineralogical data 

also supports the zonation of the Upper Pennsylvanian and Lower Permian 

str , ~i graphy and provides further information on the variation within the 

zonr-.3 . Slight modification to the original stratigraphic divisions is 

required f ollouing a principal components-cluster a.11alysis-discriminant 

analysi s study of the mineralogical datao The zones a.re now: Pleasanton-

Lower Kansas City; Upper Kansas City; Lansing; Douglas; Sha.,-rnee 

(including the Upper Lawrence Formation); Wabaunsee-Lowe.r.- Admire; Upper 

Admire-Council Grove-Chase. Of these, the Pleasanton-Upper Kansas City, 

Lan.sine; and Sha-vmee all show alternations between calcareous and q_uartz-
o 

rich shales possibly representing cycles in sedimentary conditions. 

Calcareous shales abound in the Upper Ad.r!J.ire-Council Grove-Chase zone 

whereas the opposite is true in the Upper Kansas City, Dou5las and 

Wabaunsee zones where quartz s:iales and siltstones predominate. 

Three principal components describe the mineralogical variation of 

the Upper Pennsylvanian and Lower Permian shales. Firstly, a elastic 

versus carbonate deposition component reflects the association of quartz, 

feldspar and the clay minerals in some shales a.~d calcite or uolomite in 

others. The occurrence of coarse elastic de:posits such as the Douglas 

Group are described by the detrital versus non-detrital second component 

al1d the final component essentially re~lects the secondary nature of 

dolomite in the shales. 
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TI1TR0DUCTI0U ·------
The dis-t:ribution of minerals in Upper Pennoylvanian and Lowe:?: 

Permian shales of Ka'lsas has outlined stratie;rapbic zones characterised 

by changing sedimentary and tectonic conditions (Chapter 3). Confirmation 

and clarification of the depositional environments can be obtained by 

studying the geochemistry of the sa.I!le rocks. 

The geochemistry of sediments is normally cetermined using X-ray 

. 
' 

fluo~escence (XRF) or occasion.!3.lly wet chemical methods altho11~~ 0 ~lor2+.ion 

geochemist s have in the past sacrificed the accurac~r and sensitivity of XRF 

for t he qua..~tity of 9utput obtained using emission spectroscopy. Howeve~, 

Davenport (1970) and Celenk (1972) -have studied. the problems associated 

with t he emission spectroscopic analysis of rocks, stream sedime~ts and ore 

sample s aYld developed an efficient tech..T'}ique capable of handling many 

samples and producing results with an acceptable level cf a~curacy. A 

number of sedimentary rock analyses have subsequently b&en performed on the 

ARL 2900B direct reading spectrometer in the Geology Department at 

Leicester University and the results have proved most successful (Celecl<: 9 

• 
1972; 11onteleone, 1972; Turner, 1973). Availability also played an 

important role in the choice of technique for geochemical analysis. As 

Leicester University has no XRF facility, the determination of major oxide 

and minor element content of 127 shale samples from the Upper Pennsylvanian 

and Lower Permian. of Kansas, U.S.A. could only be performed using emission 

spectroscopy. 

numerous studies of sediir.entar3 rocks found throughout the world 

have been conducted to assess the eeochemical evolution of sediments 

th:coughout eeolocsic time (Reimer, 1971, 1972; Van Eoort, 1972, 1973). The 

geoch.emical data obts.incd in this thesis and by Ebens and Connor (1972) in 

a geochemical su~..,_,ey of !·1issut1ri, was therefore conps.red with that quoted 

in the li·terature, to evaluate the influence worldvdde geochemical trends 



havo had on the evolution of Upper Pennsylvanian and Lower Permian shales 

in Kansas, the regional geochemical variation between Kansas and I-iissouri 

sediments and finally, the stratigraphic and geochemical variation found 

in Kansas shales. 

SPECTROSCOPIC .ANALYSIS 

The theoriJ and practical details of emission spectroscopic analysis 

are discus sed by .Ahrens and Taylor (1961) and Price (1969) and specific 

problems encountered with the spectrometer at Leicester are covered in 

Davenport (1970) and Celenk (1972). However, it is appropriate to include 

a br ief surrnnary of the technique as emission spectroscopy is relatively 

unknown in the sedimentological literature. 

Electrons in elements subjected to a strong electrical discharge, 

can become excited to a higher energy state. Ori reverting to a ground state 

(lower energy state) the electrons give off energy in the form of light of 

a constant wavelength. As each element has its own characteristic 

wavelength, the light may be used to identify the eleme~t and from the 
. . 
intensity of the spectral line produced, the quantity of the element present 

can be calculated. 

A rock sample excited by an electrical discharge emits light which 

is broken down into its component wavelengths by.a prism or a diffraction 

grating. The intensity of each wavelength determines the quantity of each 

element present by comparison with standards of known composition. 

Measurement of the spectral lines is made electronically using a spectrometer. 

Description of the Spectrometer 

Analysis was performed on an ARL 2900B direct reading emission 

spectrometer with a D.C. a.re source unit. The spectral lines £or the 

elements sought, are isolated from the remainder of the spectrum by pessing 
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the lieht produced from the excitati0n of a sample over a grating a.~d 

receiving the resulting lin~s through a set of second2.r'J slits. The 

intensities of the lines are measured electronically by photomultiplier 

tubes and their output is stored in a series of capacitors. A digital 

voltimeter reads the charge on the capacitors and a peripheral electric 

typewriter is used to obtain a printed copy of the readout. The optical 

charactf::!ristics of the spectrometer are given in Table 4.1 and details of 

the spectral lines are presented in ~able 4.2. 

Sampl e Pr&--oaration - -----·---
As a result of orientation su_T'Vays performed by Celenk (1972), the 

following procedure was adopted for the geochemical analysis of seainentazy 

rocks. Samples were grou..nd to pass -through a 150 mesh seive and preheatad 

to 6oo0 c recording the percentage weight loss. 100 mg. of each sample w2.s 

mixed wit:i 150 mg. of buffer (a mixture of l part NaF to 3 parts magicoal 

carbon powder), placed in a polystyrene vial containing a leucite ball 

and homogenized in a "Wig-1-Bug" mixer for one minute. The resulting • 
mixture was then packed into a pred.rilled graphite electrode and heated by 

a Bunsen burner prior to arcing. During the arcing procedure, the filled 

electrode was used as an anode and a snooth, square-ended, graphite counter 

electrode was used as a cathode. 

Calibrat;on Standards 

A set of synthetic bases, U.S. Geological Survey international 

standard ~ocks and .British Chemical Standards were analysed for major and 

mir:or eleme:-its. The re~ults determined the accuracy of the analytical 

method. 

Mixtures of synthetic bases were prepared from "Specpure" Johnson 

• ~.nd Matthey oxides, homogenized and t:hen fu ... ed in a muffle fuinace at 950°c 
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TABLE 4.1 Optical Ch8racteristics of the Spectrometer (after Celenk, 

Spectrometer 

Excitation 

Cathode 

Anode 

Arc Gap 

Current 

1972) 

0 
Dispersion (A/mm) 

Integration times 
• 

ARL 2900B Direct ReadL~g 

n.c. 8.rc 

Rinesdorf R.W. 403 graphite rod (6.15 mm in 

diameter) with a square faced end 

As above but with a crater of 2.91 JILT. diameter 

and 5 mm in depth 

3 mm 

13-15 amp 

7 (1st order) 

45 a.~d 100 seconds. 
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1A-nLE 4. 2 Char acterist:Lcs of t he Succt,..a.l Lines (after ,Celenk, 1972) 

• 0 
ELEMENT SPECTRAIJ LilJE ( A) SLIT WITII1H REt'1ARKS ... 

Al 237s.4 75 
Ca 315s.9 150 

Fe 2739.6 150 . 
K 4.044.0 ' 150 

Mg 2790.a x2 75 u/v filter 

~-..,J_ 2435.2 x2 75 u/v filt er 

Ym 2933.0 x2 75 u/v filter 

Ag 3382.9 75 

Ba 4554.0 50 glass 

Be 3130.4 x2 50 u/v filter 

Bi 3067.7 x2 50 u/v filter 

Co 3453.5 x2 50 u/v filter 

Cr 4254.4 50 glass 

Cu 3274.5 75 

Ga 2943.6 75 • 
Ge 3039.1 75 

Li 6103.0 50 glass 

Mo 3170.3 x2 50 u/v filter 

Ni 3414.7 x2 50 u/v filter 

Pb 2a33.1 x2 50 u/v filter 

Sn 2840.0 50 

Sr 4607.3 50 glass 

V 4379.2 75 glass 

Zn(i) 4a10.5 75 glass 

Zn(ii) 213a.6 50 

Zr 3392.0 x2 50 u/v filter 

Background 2008.6 150 



fer t!n:ee hours. The fused se.!llples were ground an.d mixed 1:!.i th ca:.~efully 

weighed amount3 of "Spec-Hix" (2. mixture of 1. 28% of e~ch of the 49 

clement oxides), producing standards with 1000 ppm of all 49 element 

oxides. Stepwise dilution led to the preparation of fur.tiler standards 

with 500, 250, ·100, 50, 10 and 0 ppm concentrations. 

USGS and British Chemical Sta.ntlards were used for calibr~tion of 

major element oxides in the rock samples. Precise ruiner element values 

have no-t bean recorded for these standards but a range of values· is 

provided by tne TJSGS a...nd other organisations for cocya-.cative studies. 

With minor ele~en.J.s of values greater than 1000 ppr:i, care mus~ be 

exercised as the synthetic bases may not be able to match thr:: extremes in 

concentrations and the analytical results rnay be erroneous. Hm·:ever, 

using correction procedures ( Celen.tc, 1972), extr2.polation to higher 

concentrations can produce meaningful =esults. 

Sensi-tivi tv, P-. .cecisicn alld Accu-racy of the Procedure 

Sensitivity of a method is defined as three times the sta~dard 
• 

deviation o bta.ined by the repeated analysis of a Eample containin6 zero 

ppm concentrations of the eleoents under examination (c~meron and ITa:rton, 

1967) and is practically the lowest possible concentration at which a 

particular trace element may be reliably detecte~. For the ainor elements 

this value is less than 10 ppm except in the case of Zn (11 ppm) where 

al though two wa.velengths were recorded, only one proved sensitive enough 

fer normal analysis. 

Precision of the analytical technique is expressed in terr:is of a 

coefficient of variation and indicates the reproducibility of the results. 

It is calculated using the equation: P(%) (2 x standar<l deviation 

x 100) /mean, a.rid is found to be better than 2()5~ for o.11 elements. 

By comparing·t~e results obtained from this procedure with those 

\ 
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calctJl~ted by FJ.ai12..g-an (1969), Cale-nk (1972) evaluated the ac~uracy of the 

method 8-L"ld concluded that the me·~hoCl~ ··•as re~son~b~J.Y con .. 1· "'tent esp0 "; ally V n - r:>, $ i:) _. ' ,_.._, ,~ 

whe!. t he ;·ride range cf values quoted by Flanaga.11 is taken into account. 

Tietails cf the precision and sensitivity for the me·thod are 

1 prese~ted in Table 4.3. Accuracies are calcuiated from data provided by 

Celenk (1972) and are reported 5.n Table 4.4 (data were only available for - • •• 

NnO, Ba, Co, Cr, Cu, Ga, Li, Ni, Pb, Sr, V, Zn, Zr). 

~SUVI1S 0 ~ rrE:E SPECT:!10SCO:tIC Al{ALYSIS 

127 samples of Upper Pennsylvanian and Lower Pe1:mia.n shales from 

Kansas were analysed usi1:g the previously described procedures. The 

resul ·t;s and anal;rsecl sta.ridards are presented in Tables 4.5 ancl 4.,6. Ho¥ev~r, 

the following :points sh~mld be borne in mind when examining Table 4. 5. 

The results for Cd in the standards S!'low ano~alously hit;h reaciin5s, those 

for Mo and Zn read sliehtly higher than normal and the Fe, Si02 and Zr 

lines give low readings. Some ce..re therefore, must be taken in interpreting 

the results. It must also be rereembered that t~e extrapolation proced:ll'e 

may over-estimate any unusually high readings. Consequently, the value of 

114% Si02 in ea.:nple 121 must be regarded "sceptically". l1ore realistic 

estinates for the few extreme major oxide values can be obtained from the 

mineralogical data. 

Summary statistics for all the major and minor elements are 

presented in Table 4. 7. Two extra parameters are included i...91 the table, 

firstly, the percentaee weight -loss on ignition (Heat Loss) and secondly 

an f•:n/Fe ratio suitable for comparison with the I-In/Fe ratio calculated from 

electron spin resonance studies of the same shales (Chapter 6). The ratio 

is determined using the followine equation: Mn/Fe • NnO 6~) x 100.0/Fe 

oxides ( 5~) • 

Of the major oxides, A12o3, Fe oxides and Si02 show lower mean 



TABLE 4.3 Preoision and sensitivity of the speotroscopio technigue 

Al203 CaO Fe K20 MgO Si02 MnO Ba Be Bi Co Cr Cu Ga 

Precision \ 

8.8 
0~) 

8.6 10.9 17. 7 13.5 8.0 6.1 12.5 6.2 8.6 9.8 15.1 9.6 3.8 

Sensitivity 

(ppm) 
8 2 1 1 2 8 6 1 

Ge Li Mo Ni Pb Sn Sr V Zn(i) Zn(ii) Zr 
Preoision 

1 o.o 5.6 15.2 10.9 15.6 17.5 9.0 11.8 9.0 14.1 18.0 (%) 
Sensitivity 

1 2 6 9 8 4 · 1 3 24 11 8 (ppm) 

• 



TABLE 14-.4 Accuracy of the speotrosoopic teohniqu~ 

A comparison of results obtained by Flanagan (1969) and Celenk (1972) for rock stanclar~s GSP-1, AGV-1 and PCC-1. 

St£•.ndard 
Rook 

G-3P-1 RAN'GE 

MEAN 

GSP-1 RAllGE 

l.:E..\N 

AGV-1 RAilGE 

MEAN 

AGV-1 RANGE 

MEAN 

. PCC-1 RANGE 

MEAN 

PCC-1 RANGE 

MEAN 

MnO 

260-
~-50 . 
326 

205-
297 
261 

640-
870 
728 

423-
759 
592 

610-
1430 
889 

623-
1126 
851 

Ba Co 

855- <3-
2000 22 
1360 8 

1029- 2-
1576 15 
1308 8 

1047- 10-
2700 30-
1410 16 

900- 2-
1431 20 
1134- 0 

80-
330 

7 112 

B.D.- 88-
13 173 
2 91 

N.B. B.D. = Below deteoticn limit 

Cr Cu Ga. 

5- 15- 12-
18 54 35 
13 35 19 

B.D.- 2.3- 16-
14 45 25 
5 3L._ 21 
a..: 52- 14-
~-5 83 24 
13 64 18 

B.D.- 48- 14-
11 78 22 
4 65 19 

1840- 5- • 
4780 6 
3090 10 12 

1830- B.D.- B.D.-
3181 7 4 
2169 7 1 

Li Ni Pb Sr V Zn Zr RESULTS BY 

3- 14- 148- 38- 54- 323- FJ.anaga.n 

25 80 400 67 34-0 685 1969 
36 11 52 21+7 52 . 143 541+ 
9- B.D.- 41 .. - 168- 16- 23- 256- Celenk 
39 8 80 362 . 114 1 li-3 745 1972 
20 2 66 263 52 67 436 

11- 18- 348- 70- 64- 186- Flanagan 
27 J._8 1050 171 304 315· 1969 

12 18 35 657 121 112 227 

B.D.- B.D.- 18- 458- 46- 66- 129- Celenk 
17 18 53 858 272 141 342 1972 
6 6 37 618 83 101 ·191 .. 

1750- 21- 2~.- Flanagan 
3400 55 100 1969 

0 2430 13 <1 31 53 0 

B.D.- 1528- B.D.- B.D.- 8- 22- B.D.- Cele.a.1k 
4 2950 21 2 34 128 24 1972 
0 1898 5 0 23 85 9 . , 

: 

-.J 
I\) 
• 
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TABLE 4_ ... §. ~§.Ul tc---9/ the ,!iJ1a.lvsed ~~"'}_d~;-~~~iQ.!" oxidetl 

Total 
Sample Al203(%) Cao(%) F8 

Oxides(1~) 
K20(%) HgO(%) Si02(5~) Hr,0 (ppm) 

Tl 16.0 5.1 5.6 1.3 1.7 63.,0 700-940 
. .Analysed 16.0 61.0 ' 

Sample 4.0 5.3 1.0 1.2 740 

GSP 15.0 2.0 4.3 5.5 1.0 67.0 200-453 

Analysed 14.0 1.9 3.5 5.6 0.4 58.0 252 Sample 

AGV 11.0. 5.0 6.8 2.9 1.5 59.0 700-900 

Analysed 15.0 4.2 5.2 2.7 0.9 53.0 643 Sarnple 

i3CR 13.6 7.0 13.5 1.7 3.3 55.0 1700 

Analyrrnd. 14.0 6.1 8.4 1.6 2.7 51.0 > l229 Saople 

PCC o.a 0.5 a.5 0.01 44.0 42.0 600-1400 

Analysed o.o 0.1 12.5 0.40 43.7 43.0 646 
Sample 

G-1 14.0 1.4 1.7 5.5 0.4 • 72.0 180-350 

Analysed 14.0 1.0 1.0 Sample 4.7 0.2 61.0 196 

G-2 15.0 2.0 2.8 4.5 o.a 69.0 300 

Analysed _14.0 1.6 1.7 3.3 . 0.3 59.0 239 
Sample 

W-1 15.0 10.7 10.0 o.6 6.6 52.0 1700 

Analysed 13.0 a.1 9.1 0.4 4.9 48.0 1193 
Sample 

MS o.6 0.2 8.9 0.02 50.0 41.0 12CO 

Analysed o.o o.o 14.0 Sample o.o 60.0 39.0 910 

Trends Low Low Reading 

Comments PCC and 
ms ha.vt:; 
inter-
ferenc~ 
.from 1-:g.:, 



T.A B L E __ hl ( con tinu ed) Resul_ts o r' ana11!_i:;ed st~1!l.rd.n ( minor Ble?"!ents i)Dci 

Sample .Ag Ba Be Bi Cd Co Cr Cu Ga 

T-1 <l 560~800 1 <10 <20 10-20 17-35 30-55 17-25 . . . 

J 
C 

.Analys~d 17 505 5 ]. 28 17 18 50 24 Sample 

GSP <l 1000-1800 <2 < c-5 <2 a 13 15-54 12-35 

.Anal ysed 0 1098 4 0 Sample 17 8 10 29 26 

AGV <l 1000·-1700 <4 <1 <2 16 8-20 52-83 14-24 

A..nalyse d 0 976 6 I 1 31 17 8 54 26 
Sampl e 

BCR <l 500-1230 3 <5 <2 36 8-45 7-33 22 

Analy2ed 0 526 10 4 · 14 38 8 16 26 
Sample 

PCC <l 7 0-3 <5 <2 90-300 1840-4780 ~-16 .., 4-22 

Analys ed 0 1 4 2 Sa.I!lple 0 149 2048 6 3 

G-1 <1 1100-1270 3 3 0 <10-5 22 8-20 18 

Analysed 0 886 5 0 25 6 20 8 25 
Sample 

G-2 < 1 1500-2300 < 3 ... 3 <l <2 2-8 5-12 <2-17 16-31 

Analysed 0 1415 6 0 19 3 6 1 24 
Sample 

W-1 <l 150-220 <3-3 <l 50 120 110 13-30 

Analysed 0 130 6 9 53 121 414 23 
Sample 

IY.l'S <l 0-6 <4 <l <2 100-200 2840-5560 <2-15 3-21 

Analysed 0 0 4 2 0 167 2480 4 3 
Sample 

Trends High 

Comments Low Not 
readings eatis-
at high factory 
levels 



TABLE 4.6 (continued) 

Sample Ge Li Mo lU Pb Sn 

T-1 <10 8· 2.5 2-32 14-50 29-50 

Analysed 2 11 34 19 33 27 Sample . 
\ 

/ 

1-26 GSP <l 25-47 3-25 14-80 <10-15 ' 

Analysed 0 24 3 24 59 0 Sample 

AGV l 9-15 2-5.5 11-27 18-48 <10-6 

Analysed 2 9 30 27 42 0 Sample 

BCR <2-2 10-19 <3-1 3-30 5-35 <10-10 

A.Tlalysed 4 18 54 19 24 0 Sample 

PCC < .5 < 2-17 < 1-6.5 1750-3400 <4-27 < 20-3 

Analysed 
3 0 14 1903 23 31 Sample 

G-1 1 17-25 4-14 1-21 21-58 1-9 

Analysed • 
0 15 28 12 59 0 Sample 

G-2 <l 25-63 <1-2 2-14 15-43 <5-2 

Analysed 0 22 5 9 30 0 Sample 
. 

W-1 <1-2 8-15 <1-1.0 51-110 5-20 2 

Analysed 5 22 43 88 l 2 Sample 

ms <l <2-27 <1-8 1770-3300 < 4-28 <20-4 

Analysed 0 18 1915 19 15 Sample 

Trends High 

Comments Not a 
satis-
factory 
line 
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TABLE.b,_§_ ( continued) 

Sa~ple Sr V Zn Zr 

T-1 • 315 •• 500 65-120 160-220 120-230 

Analysed 365 165 343 134 Sample . 
\ 

GSP .- 148-400 38-67 34-340 333-687 

A.~alysed 246 9'"/ 219 614 Sample 

AGV 348-1050 70-171 64-304 180-315 

Analysed 596 176 200 118 Sample 

BCR 244-525 120-700 94-278 144-275 

Analysed 292 542 256 112 Sample 

PCC < 1 21-55 24-100 <10 

Analysed 0 98 100 0 Sample 

G-1 200---286 10-21 25-48 101-220 

.Analysed 262 110 168 •157 Sample 

G-2 235- 680 26-60 42-138 250-400 

Analysed 482 92 195 231 Sample 

W-1 180-210 213-300 42-95 • 85-120 

.Analysed 190 286 194 53 Sample 

ms < 2 6-52 22-140 <10 

Analysed 0 42 150 0 
Sample 

Trends High High Low 

Comments generally sligh'tly 
at low 
concen-
t:rations 
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TABLE 4.7 Swmnarv statistics for ms.jor oxides and minor elements 

- ~tatistic Mean Standard Median Yd.nimuil Ma.tlmum Deviation 
.. 

Element 
. 

Al203 14.16 3.57 15.40 4.10 20.20 . . . 
' 

Cao e.44 8.94 4.60 0.10 . 30.00 p 
E 

Fe Oxides 4.72 1.34 4.70 1.80 10.30 R 
C 

K2o - 2.73 0.82 2.80 0.10 4.90 E 

26.80 
N 

Mg() 3.13 3.14 2.30 0.30 T 

Si02 55.29 15.88 58.90 14.60 114.00 

Mn/Fe ·1.04 0.92 0.70 0.10 5.60 

Y,nO 462.42 477.73 330.00 65.00 3297.00 

Ag 1.25 4.76 o.oo o.oo 46.00 

Ba 345.69 178.86 347.00 92.00 1594.00 

Be 5.15 1.94 5.00 2.00 12.00 

Bi 1.46 1.58 1.00 o.oo 8.00 

Cd 29.07 25.74 23.00 o.oo 168.00 P. 
P. 

Co 39.98 25.33 35.00 7.00 224.00 M. 

Cr 139.01 188.38 95.00 35.00 1428.00 

Cu 20.70 26.04 23.00 2.00 140.00 

Ga 18.94 5.97 20.00 . 3.00 32.00 

Ge 1.94 2.25 1.00 o.oo 14.00 

Li 54.09 29.32 47.00 6.oo 169.00 

Mo 20.32 73.53 7.00 o.oo 713.00 

Ni 70.52 86.32 53.00 14.00 661.00 

Pb 27.72 43.71 15.00 2.00 356.00 

Sn 0.76 2.78 o.oo o.oo 20.00 

Sr 286.28 203.32 190.00 21.00 1844.00 

V 197.91 402.46 114.00 19.00 3607.00 

Zn 207.90 179.07 182.00 o.oo 909.00 

Zr 213.28 107.02 189.00 17.00 730.00 

Heat Lose 6.73 4.18 - 0.50 29.90 Percent . 



valuBs th:.:n t he "average shalen (Cla.rke, 1924) and MgO and .Ca.O show 

higher values (~able 4. 8). The results do, however, compare favourably 

with Cla.rke's a:verage Mesozoic and Cenozoic shale (Clarke, 1924) 

indicating that there is a greater percentage of carbonates present than 

in other Palaeozoic sha.les. Similarly, of the minor elements and oxides, 

MnO, Ba, Ci.::., and Sr give lower values than :reported for the "average shale" 

a.tid Cd, Co , Ho, V, Zn and Zr show higher means. 

Ag, Be , Bi, Ge, and Sn a.re only recorded in minor quantities in 

samples and tharefore appear to have little influence on geochemical 

variation i n the Upper Pen_~sylvanian a...~d Lower Permian shales. Of the 

remaining elements and oxides, many sbo·I( considerable numerical variation 

with s tandar d deviations of the same order as the means. In terms of the 

element s, this indicat es a lognormal distribution but as no statistical 

guidelin es are ;ivailable to determine whether the observed f:::equencies 

(Fig. 4.1) are lognormal or not, only raw data is used in further 

operations¥ Subsequently, Link and Koch (1975) have applied lognorma.l. 

theory to pseudolognormal distributions and have sho\m that positive or 

negative bias or a combination of the two, can occur. • 

STRATIGRAV.dIC VA_~I NPION DT ~PEE GEOC~ IISTRY 

.\ 

The variation of major oxides (Figs. 4.2 ?,Ild 4. 3) indice;tes both 

lithological ajd stratigraphical control of Upper Pennsylvanian &nd Lower 

Permia.~ shales. Si02 , in particular, is distributed in zones that correspond 

to those established from mineralogical varietion in the same shales. The 

Pleasanton, Kansas City and Lansing Groups form a zone of highly variable 

Sio2 values (from 35 to 707~) whereas the succeedin~ Douglas Group shows 

consistcmtly high values ( up to 90~). The Shawnee and Wabaunsee Groups 

show similarities to the Pleasanton-Kansas City-Lansing and Douglas zones 

respectively althoueh the Shawnee has greater variability of v 0 lues (20 to 



TABLE k..8 Distribution of maj or oxides(%) and minor elements (ppm) in shal~ 

Mesozoic Average Pennsylvanian Tacket Platform Average Averago Palaeczoic and Average Cle.y Black Sh~lf and Formation Blnok Average Bla. o!:: Shale Shales Cenozoic Sha.le and Eugcosynclinal Bl a ck Jhn.les 8hal0 Sh..ttle Shales Shale Shales Black Sh.ales Shales 

Al203 15.4 16.5 13.8 16.7 
CaO 3.1 1 .z.. 6.o 2.2 

Fe Oxides 6.5 6.9 5.7 6.5 

K2o 3.2 3.6 2.3 3.6 
rgo 2.4 2.3 2.3 2.6 

Si O 2 58.1 60.2 55.4 58.9 

l.!nO 850.0 1 oo.o 460.0 6700.0 150 .. 0 
Ag 0.1 0.1 2.0 7. 7 0.9 1 .o J• 

Da. 250.0 580.,0 200 .. 0 270.0 800.0 300.0 
Be •, 3.0 1 .8 3.0 1 .o 1. 7 7.0 1 .o 
Bi .. 

0.1 

Cd 0.3 

Co 20.0 7.3 19 .o 7.0 19.0 12.0 1 o.o 
Cr 1 oo.o 290.0 90,0 500.0 260.0 160.0 1 oo.o 
Cu 57.0 70.0 45.0 1 oo.o 130.0 38.o 70.0 0) 

0 • . , 



TABLE 4.8 (Continued) 

Ga 19.0 ·16.0 19.0 15 .o 35.0 40.0 20r;0 

2.0 1 . 6 -Ge 

Li 60.0 6600 
\ 

.u~ O 2.0 17.0 2.6 15 .o 8.9 0 . .., . { 1 o.o 

Ni ~5.0 11 o.o 68.0 150.0 1 oo.o 21 .o 50.0 

Pb 20.0 41 .o 20.0 30.0 46.o 20.0 20.0 

Sn 6.o - .. 1 
• t 

Sr 450.0 220.0 300.0 200.0 330.0 299.0 200.0 

V 130.0 260.0 130.0 500.0 220.0 130.0 150.0 

Zn 80.0 95.0 200.0 500.0 80.0 300.0 

Zr 200.0 51 .o 160.0 30.0 63.0 200.0 70.0 . 

Reference 1 2 3 4 5 6 7 8 9 10 11 

REFEREIICES 
• 1962. 1 • Clarke, 1924. 2. Clarke, 192.4. 3. Clarke, 1 924. 4. Vinogradov, 

5. Wedapohl, 1967. 6. Vine, 1969. 7o Turekian nnd ';{ edepohl, 1961 with addition by Vine, 1966. 

8. Vine, Tourtelot and K~ith, 1969. 9. Vine a~d Tourtelot, 1969, 1970. 

1 o. G-reen., 1959. 11 • Vine and Tourtelot, 1970. C, 

• 
. , 
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9o%) and the ~.-!a.baunsee does not show such intense Sio2 developnent. 

Finally, samp:es from the Permian Groups a.11 contain relativ«:'ly sma.11 

a.lllounts of Sio2 • 

The A12o3_ distribution (Fie. 4.2) shows simil?.rity to the Si0
2 

gre;~h 

with corI"es:ponding highs and lm-:s. However, zoning the distribution i~ 

difficu1 t as sample values only vary from 6 to 20J~. The sole indication 
,, 

of stratigraphic control occurs in the Lower Permia11 where the Al
2
o

3 
values are around 5% lower than in the Pennsylvanian. 

CaO ; s distributed with hif{h values (O-4o%) in the Pleasanton and 

Lower Ka.n s f' :3 City, in the · Lansing, in the Shawnee a.11d also in the lower 

Permian? whereas few samples from the intervening zones have greater then 

lo% CaO. The increase in Ca.O and M.::,.o{) in the Permian is col!lparable with 

increased carbonate production recorded in Chapter 3. Ne, zones a.re howe"Ter 

noted in the HBO distribution as the increase is only gradual throughout 

the Upper Pennsylvanian a."l'J.d Lower Permian deposits. Only one sample 

contained more than 15% which is surprising as several dolomite-rich 

shales were detected by X--ray diffraction. However, an alternative site 

for MgO may be within the lattice of chlorite clay mine~als (Eckhardt, 

1958; Van Moort, 1972). 

The iron oxide content varies from 1.8<-~ to 10~3% with a mean of 

4. 7%. There is some similarity to both Al2o3 and Si02 distributions as 

the iron oxide curve (:?ig. 4.2) has high and low values that equate with 

points on the A12o3 and SiO2 curves. Hig..lis occur in the Upper Douglas, 

Lower Wabaunsee a.-rid Lansing Groups, whereas lows are; found in the Lower 

Kansas City, Lower Douglas, Shawnee, Cotmcil Grove and Chase Groups. 

The K2o content ranges from o.57~ to 4-~~ with a cean of 2. rr,t 

Apart from a slight decrease in K2o during the Lowe= Permian, correspondil1g 

mineralogic::illy to a decrease in illite content (~!eaver, 1967), little 

in.formation ca'1 be eained frori the stratigraphic var.i~tion in ~O values. 

I-rnO (measured in pJJm) rarely exceeds 0.1~6 in Upper Pennsylvanian e.nd 

. 
\ 



Lower Permi2.n shales. Allowing, t!'lel.'efo2·e, for differences of scale, the 

MnO (Fig .. 4.4) content a:p:pea.rs to be closely associ2.ted with the carbonate 

fxaction of the shales. For example, the Lansing, Shr.wnee, 1,•.rabaunsee and 

Admire Groups contain beds that are rich in r1no, CaO and calcite. 

Ilowever, t h e association is not m8,intained in the Kansas City, Co1u1cil 

Grove and Chase Groups. The concentration of 1'l!l in shales T!'Jay be related 

+ • f "" 2+ • ( b t. t -4-. C 2+ • ., • • ) • tl vO an increase o 1·.:n 1.ons su. s_ 2 u112ng .Lor a 1n c~-1.Cl. ;;e in 1e 

reduci ng cond itions (Bencini and Tv.ri, 1974) developed at the end of the 

Pennsyl va.YJ. i an . Alternatively, the low HnO content of some calca.recus 

shales may r eflect differences in the original mineralogy of the sedi~ents. 

Aragon5..te forms in she.llow water environmer.ts (Cloud, 1962) with n:ir:o~ 

l•1.'r1 substitut ion for Ca. (Thompson, 1972). Calcite, . however, predomina.tes in 

deep wa ter carbonate sediments and normally conte.ins abunda.."lt En (Thorepscn, 

1972). 'l1herefore, the Lansing, Sha,mee, Waba.unsee and AdI!l.ire Groups 

contain shales that may represent either tir.tes of deep water sedimentation 

or highly reducing conditions. The Council Grove, Chase and Ka."1sas City 

Groups, on the othP.r hand, contain shales that were deposited i.."1 periods 

of shallow water sedimentation or less reducing conditidns. Dia.genetic 

processes, p~.rticularly dolorn.itization do not appe2.r to have seriously 

modified the originel Mn content. 

Silver (Ag) is found in low concentrations in all sazplee (a maxL~ 
. 

of 46 ppm) and provides negligible information for establishi~rr the 

geochemical conditions prevailine during the Upper Pennsylva.71iei1 2nd 

Lower Permian. This variable, therefore, w~rants no further cerement. 

Beryllium (:Be), bismuth (.Bi) and germa:1ium (Ge) are also found in mino:?:" 

quantities, probably as sulphides (Bi) (Goldschmidt, 1954) or within clay 

mineral lattices (Be and Ge) (Hedepohl, 1969, 1970). 
?.\. 

Ba normally occurs as a substitnte for ca-· in calcareous deposits.· 

However; evidence for an..y such association is difficult to find in the 

Upper Pennsylvanian or Lower Permian :males. The distr.ibuticn of barium .. 
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(Fig. 4.4) iR more a..~in to the illiic cr.d chlorite distributions -thcL'l to 
I 

th"'- ca-ri.. ,. na.J..e fr~cti'on n° 2+ • b t. ·~ • • f r~+ • •-.1• • (F d v .- •.1 -..1 • .., ~-- • • .LJ<.. su s .,J. ,;1.nao.c1 oz: n. in J...L 1. "te enner an 

Hagne::cs 1967; Krauskopf., 1967) may eA})la.in mP..PY of the minor peaks in the 

Ba stratigraphic distribution but two hig..11 values in the Lower Per_,i_an bear 

no relation to rJnY other geochemical or mineralogical variable. futhis 

case, the possibility of small amounts of ba.ryte occurring in the sediments 

cannot be ignored. 

Taking into account the high Cd values recorded for the standards, 

cadmium's normal geochern.ic3l association with zL-ric in the ratio of 1: 500 

(Hawkes and ~.'ebb, 1962) is retained in the Ka.11se.s shales. High values are 

recorded in the Kansas City, Shawnee and Co11-11cil Grove Groups, whereas 

low values predominate in the remaining samples, (Fig. 4.5). A_high Cd 

value recorded for the Heebner shale (Shavmee Group) indicates a possible 

association vith black shales. 

The stratigraphic variation of cobalt (Fig. 4.5) shows only tenuous 

correlations with other geochemical al)d mineralogical variables. Two 

pea...'k:s occurring in the Tonganoxie Sa11dstone (Douglas Group) and Silver 

Lake Shale (Wabaunsee Group) may :represent concentrations. of detri tal 

minerals containi.ng Co. 

The values of chromium recorded in the Upper Pennsylvanian and 

Lower Permian shales divide the samples i.nto two types. The ms.jority of 

shales contain a.rou_-rid 100 ppr!i Cr comparinc:; favourably with the "average 

shale" quoted in the literature (Vinogradov, 1962; Table 4. 8). The 

remaining eight sampl~s ( > 400 ppm Cr) are all black shales. This 

lithology i$ found in :Members of the Kansas City, Shawnee, Uabaunsee and 

Council Grove G:roups a..11d was deposited in a. highly reducing, shallow 

mari.T'le environme:1t (Heckel, 1972a), rich in crganic matter. Chem.cal 

analyses of black shales are characterised not only by a considerable 

organic carbon content but also by sulphur present as FeS2 (Vine and 

Tourt'9lot, 1970).. Minor elements such as V, i'·lo, Cu, 1a, Pb, Zn a.,.--id Cr are 
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t:nriched in bla ck shales by the o:z:,ganic matter which acts either a.s a 

biological catalyst (Yine arid Tou.rt elot, 1970) or as a sulphide reducing 

agent (Nason, 1958). This element association mey oe of gTeat importcnce 

in determining the presen ce or absence of geochemical periodicity in the 

Ka..T1sa.s shales., for bl a.ck shales nave been extensively employed as Lla.t·!cer 

horizons in cyclothems. 

The over all stratigraphic distribution of Cu matche~ that of Cr 

al though the bla ck shale values are relatively lower than Cr equival~nts. 

Only one high Cu vaJ.ue - in the Hamblin Shale of the Admire Group, cannot 

be explained in terms of black shale enrichment. 

Gallium is present in minor qua..t1tities L~ all shales but is 

geochemically of great importance. Particular interest is attached to 

this element as a diagnostic for the sali.~ity of depositional environments, 

its concentration beine generally his}ler in fresh water than marine 

argillaceous deposits (Degens et al., 1958; Tourtelot, 1964). GaJ.lium 

seems to be depleted in the Upper Pennsylvanian and Lower Permian shales 

compared with those quoted in the literature (Table 4.a), inferring a 

marine origin for the shales. Fer confirmatory evidence•, rubidium and 

boron determinations would be significant. 

Lithium may also be used as an indicator of fresh water or marine 

depositional envixonments (Keith and Degens, 1959). The relatively high 

lithium values generally indicate a marine environment for most of the 

Upper Pennsylvanian and Lower Permian with some non-marine deposition in 

the Pleasantons Douglas, Lower Shawnee e..11d ,~·abaunsee. 

Molybdenum is another eloment found concentrated in a.i10.xic 

environments (Bertine, 1972; Bertine and Turekia.."1, 1973), pri.11cipally 

black shales. '.-Ii thin this J.i thology, Eo concentrations vary between 150 

and 750 ppm, vhereaG t~e rer!laininff srunples h3.ve fe ! vaJ.ues ove:!" r/5 :ppm. 

The No distribution has peaks i:n the Plees:mton, Shawnee (in which the 

Heebner Shale i!-3 prominent), l-le.b~1.tmsee end Lower PermiE!ll Groups. In- the 
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case of -th 8 Lm•1ar ?t.=:i:.'uian. Gr01:::p::: 1 -c:he~e seems to have b~en a general rise 

in -tne Mo concentration from negli3ible anounts in the Uppe::::· Waba'UI'-se'3 i,o 

between 30 B-'t'ld 100 p::;;:>m for nest Peroiar.. sedijilents (Pig,. 4.6). 

Nickel values are also arr&1eed according to the development of 

black shales and shm,: close correspondence -to the Cr, Cu, Eo, Pb and Zn 

distributions. The majority of samples have va1ues in the ra.l'lge O to 100 

ppm (Fig. 406), whereas those samples associated with bla.ck shales have 

values ~anging from 100 to 700 ppm. 

Lead (Pb) shows a similar distribution (iig. 4.6) to :t,i with only 

minor d iffe::cences in the Wabaunsee Group samples. Here, two pea'k:s in the 

Poney Crc:ek Shale and Silver Lake Shale, correspond to similar peaks in 

the Ho distribution (Fig. 4.6) and may be connected with pyri-te or organic 

residue s (Hedepohl, 1974). Enriched shales have Pb values that ra.q.,re frcm 

100 to 400 ppm (high for black shales (Wedepohl, 1974)), whereas other 

samples all contain less than 100 ppm Pb. 

Strontium, like most other trac~ elements, has a bimodal distribution 

(Figo 4.1), with many shale· samples lying in the rane;e 50-300 ppm 2nd a few 

• in the range 300-1900 ppm. Of the samples from th~ upper range, most are 

calcareous shales from the Kansas City, Shawnee, Upper Wabaunsee a.r.d 

Council ~ove Groups. The strontium distribution (Fi&• 4.6) appears to be 

associated with the carbonate fraction and may be controlled by salinity 

and basintl depth (Veizer and Demovic, 1974). The higher values, 

. 

coinciding with high carbonate content, may therefore, indicate 'hypersaline' 

or _deep water conditions. • This evidence is in agreement with the I•:nO 

interpretation of the Shawnee, Upper Wabaun~ee a"fld Admire Groups, but 

shows discrepancies in the Kansas City and Lower \•:aha.unsee Groups. The 

latter case may be e..xplained in terms of low ca.r'bc.na.te content but ~he 

Kansas City values seem contTacictory. The~efore, befc~e th~ implications 

of carbonate geochemistry can be extensi1:·nl::· :appli~d -to calcareous shnJ e:3 

furthE=:r ex~~rim€ntation and analysis are r~qulred. Nermvi:ile, it oar. be 

' 
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s·tated. that there appears to b~ a cloae correlation between !•Jll0, ~r and 

the ca.rbone~ta f~action a.n.d that the EnO a..~d Sr content of the shales may 

be influenced by depth, original mineralogy, salinity and basinal 

conditions. 

Both vanadium and zinc d.istributions (Fig. 4.7) ~how enrichment in the 

black sha.le beds of the Kansas City, Shavmee and Council Grove G:roups. 

Zirconium (Zr) on the other hand appears to be stratigraphically distributed 

(Fig. 4. 7) according to the quartz content of shales. In sedir.ientary rocks, 

. 

Zr occurs primarily as detrital zircons and is, therefore, fou~d ccncentrated 

in the coarse detri tal beds of the Douglas and ':tabaunsee Gro1J_ps. 

The c arbonate and organic contentG of shale seem to control i.he 

·stratigraphic distribution of percentage weight loss on ignition (Heat 

Loss - Fig . 4. 3). This variable has hish val~es reco:!'dea. in the Kansas 

City (calcareous a~d black shales), Shavmee (calcareous and bleck shales), 

Council Grove &~d Chase Groups (calcareous shales). 

A Cot·IPA..ltISO?r O? GEOCH'=~·iIGAL RESULTS ?ROI-1 Tr{E U?PFlR PE!·TrrSYLYA.1:-IA.7: SH.ALES OF -
KANSAS Al[D MISSOTIRI • 

Ebens and Connor (1972) have completed a geod1eJ!lical survey of the 

geological uni ts in Missouri and concluded with respect to the Pennsylvanian 

beds, that elemental variation is generally of loc~l oriein. In fact only 

Na, P, and Y were found to have any i1:1porta.T1ce in c!istinguish.il1g between 

areas. However, a number of elements exhibited large scale stratigraphic 

variation; Na, Be, Ca, Cr, Pb, Se e..nd C in shales exhibited more than one 

third of their variance at t~is scale. In addition, they postulate tr.at 

such variation reflects environnental differences between the limestone-

and coal-bearing deposits. As a result, the base of ~he Ka..,sas City Group 

is thought to 1:1ark a natural subdiviGion bet,,·e~!l the u:,per lim.estone-

benring deposits and the lower coel-bee.ring deposits. 

Al though the m3j~ri ty of beds under e:-~~.mina.tion in this thesis f a ll 

' 
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into the upp8r deposits of Ebens and Connor, some cor.1parisons can be made 

between the Pennsylvanian shales of Table 4,, 9 and the strati:3Xaphic 

distributions seen in Figs. 4.2 to 4. 7. Of the analyses performed, only 

Ba, Co, Cr, Cu, Ga, Li, Ni., Pb, Sr, V, Z, and Zr a.re directly coope.xable. 

:Ea has a ral'lge and a lower aver2.ge in Kansas Shales tha.'1 those recordea. by 

Ebens and Connor. Co ranees in Kansas 81d Hi.ssouri shales compaxe •, 

favourably, only one bed in the Douglas Group showinB' deviation from this 

agreement. Cr values, however, show considerable disagreement particularly 

in black sha les where the maximum ,r~ue for 11issouri shales is exceeded by 

a factor of three. Similarly, Cu, Ni, Fo, V end Zn have maximum values 

that are considerably larger than equivalents in ltissou.ri. This reflects 

differen ces in the deposi tiona.l environment of black shales in Ka_-r1s2.s and 

Missouri and indicates regional contro
0

l of Pen.11sylvania.11 geochemistry. 

Although the range cf lithium values for Kansas Pennsylvanian shales 

shows agreement with that in Missouri, strontium values are considerably 

higher particularly in the Kansas City Gro~p shales, indicating regional 

differences in carbonate geochemistry. 

This comparati-re study has revealed that there is •regional variation 

in some shale deposits, p~ticularly calcareous and black shale lithologies 

and that large scale stratigraphic variation is shown not only by Ca, Cr 

and Pb but also by Cu, ni, V and Zn. 

A COHPA.i.1.ISON OF 1:.10RLD!..'IDE A;\fD KA!fSAS GEQCqEHICAL TRB:rns ?O~ Tr!E UPPER 

PENNSYLVAHIA f At:D LO!•iER PERHIAN 

The time span under consideration in this thesis is of sufficient 

length for the Upper Pennsylvanian and Louer Permian Shales to have been 

affected by worldwide evolutionary trends in geochemistry. This brief 

study hopes to reveal those geochemical tre:1ds in Kansas sedimenta that may 

have been altered or a.ccen-tuai.:ed by worldwide G'eocheniical evolution. 



TABLE 4,9 Statistical SUIIUOO.t:Y of Element Concentrations in Pennsylvanian Denosits of 1Iissouri 
(Data from Ebens and Connor., 1972) 

PENNSYLVANIAN SANDSTONES ANALYTICAL PENNSYLVANIAN SHALES PENNSYLVANIAN LIMESTONES TECHNI Q Ut""! 

ATh~~GE VARIATION RANGE AV&iAGE VARIATION RANGE AVERAGE VARIATION RANGE 

Al 8.5 1 .2 5.5-13.0 0.58 2.0 0.1 s-2 .2 3.0 2.3 0.57-16.0 XRF 

Ca 0.75 4.2 0.0l+.-13.0 30.0 1 .4 15 .0-60 .o 0.35 7.9 0.01-22.0 XRF 

Pe 3.8 1 .s 1 . 7-8.5 0.96 2.5 0.16-6.0 1 .9 2.1 0.45-8.1 XHF 
K 2.7 1 .3 1 .6-4.5 0.17 2.5 0.03-1 .1 o.66 2.8 0.08-5.2 XR'b" 
Mg 0.95 1 .5 0.45-2.0 0.67 4.1 0 .01 .. -11 .o 0.21 4.3 0.01-3.9 AA 
Si 27.0 1 .2 20.0-35.0 2.9 3.0 0.33-26.0 34.0 1 .6 13 .0-90 .o XRF 

Mn/Fo 

J/..nO 170.0 2.0 44-.0-660.0 830.0 2.4 150.0-4700.0 309.0 4 6 14.0-6300.0 SPECTR0GRAPHIC 

Ag -
Ba 430.0 1 .5 200.0-950.0 ~.o 3.0 49.0-400.0 170.0 2.2 36 .0-81 o.o SPEC TROGRJ.PHIC • 
Be 1. 7 1 .4 o.ao-3.4 < 1 .o < 1 .o 
Bi -
Cd 

Co 12.0 1. 7 4.2-3:-s .. o < 3.0 7.2 2.7 0.98-53.0 SPECTR0GRAPHIC 

. , 

O> 
'-0 • 



_'!'h.BLE 4.9 (Continued) 

Cr 95.0 1 .3 60.0-1 so.o 16.0 2 .1 

Cu 23.0 26.0 3.4-160.0 3.5 2.1 

Ga 30.0 1 .s 14.0-63 .o < 5 .o 
Ge 

Li 79.0 1 .s 36.0-170.0 < 5.0 

Mo 

Ui 38.0 1 .5 11.0-86.0 5.1 1 .9 
Pb 17.0 1.9 4.7-64.0 < 10.0 

Sn 

S-r 200.0 1. 7 73.0-540.0 990.0 3.9 
V 140.0 1.4 11.0-260.0 16.0 2.3 
Zn 82.0 1 .s 38.0-1 so.o 24.0 2.3 
Zr 11 o.o 1 .s 53.0-250.0 16.0 2.3 • 

N.B. Al to Si values in percent, MnO to Zr in ppm. 

3. 7-71 .o 33.0 2.3 

o. 77-16.0 8.4 2.5 

11 .o 2.1 

1 7 ,.0 2.3 

1 .4-1 s.o 19.0 2.9 

17.0 2.0 

67 .0-15,000 .o 95.0 4.2 

3 .0-81 .o 38.0 2.2 

4.1 .. -130.0 33.0 3.0 

3.0-81 .o 170.0 2.3 

6 .5-170.0 

1 .3-54 .. 0 

2 .5-l~ .. O 

3.2-88.0 

2 .3-150.0 

4.·3-69 .. 0 

5 .4-1700.0 

7 .5-190.0 

3.8-290.0 

33.0-900.0 

. ,, 

SPECTROGRAFHIC 

SPECTROG-RAPHIC 

SPECTROGRAPHIC 

AA 
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SPECTROC·RAPHIC 
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Van Moort (1973) studied and c~lcium c0nten-ts of s2diments 

and noted e decrease of T!lP.g--nesium and e.n i..11.crea.ae of calcitm f!•om older to 

younger sediments. "I1his was expJ.eined respectively, in terms of a 

redistribution due to diagenetic and metamoX'!lhic processes a.nd a cnntinuous 

leaching from older sedimentso These trends .:rcmifest themselves in an 

increased CaO/HgD ratio during the Upper Pa.la~ozoic and Hesozoic (Ronov, 

1972, Fig. 6). In compa.risrm, ·Kan.sas shales shm,: a11 increase in the CaO/ 

MgO ratio from 1.89 to 3.26 (calculated from linear regression analysis 

of the major oxide data) and a rise in both NgO and. CaO content from the 

Upper Pennsylira.'1ian to the Lower Permian (Fig. 4.3). 

Ronov ar..d J.iigdisov (1971) have produced graphs indicating that 

·, 

younger sediments have lo·t1er Al2o3 and Fe oxide values than older sediments. 

Both these tre~::ls are noted in the geochemistry of the Upper .?ennsylvanian 

and Lower Permia.."1 (Fig. 4.a) shales althcugh in the case of Fe o;~de, 

there is only a marginal decrease. Similarly, the lower K2o values in the 

Pe~ian compared with the Pennsylvanian closely match the t:rends documented 

by Ronov (1972) and Van Moort (1972). 
It would therefore seem possible that the major dxide variation 

recorded in Kansas shales is influenced by both worldwide evolutionary 

trends in the earth's geoc~eruistrf and by local tectonic and sedimentoloeical 

conditions. T:iese factors nay have additionally influenced the trace 
. 

element distributions, particularly those closely associated with major 

oxides. Sr content, for exoflple, has been shown to decrease in rocks 

during the Pennsylvania.."1 2nd Permian (Reimer, 1972), although no evidence 

for this conclusion can be found in the Kansas shale data. ilternatively, 

the geochemical trends noted in Fie. 4.a may reflect a gradual restriction 

of the Pennsylvanian epeiric sea tµ1d fo:rrcation, in the Permian, of a 

calcareous and. later, an evaporitic sedimentary environment. 
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CONCLUS~ICNS 

127 samples of Upper Penr.sylva.--iia.11 a.n.d Lm-rer Permian shales were 

analysed for major. oxides and minor elements using an ARL 2900B direct 

reading emission spectro:weter. From the results, it has been shmm that 

the distributions of Sio2 , A12o
3

, Cao, 11g0, MnO, . Co, Cr, Cu, Ho, 1a, Pb, 

Sr, V, Zn and Zr a.:r·e stratig:ra:phically controlled and. that the vaJ.ues of 

Ag, Be, Bi, and Ge are so low that no stx·atigTaphic relationships c2.0 be 

distingti i shed. 

The major oxides present a similar stratigraphic zonation to that 

displaye d by the mineralogical variables, i.e. The Pleasanton, Kruisas 

City and Lansing beds form one natural division of the stratigraphy and 

.. ' 

the Douglas, Sha,-mee, Wabaunsee and 1-ower Permian Groups, further divisions. 

CaO and MgO have high values in the Pleasanton, Kansas City, Lansin5 ar.d 

Sha,-mee Groups, whereas the Douglas a'l'ld Wabaunsee Groups are rich in SiO2 

and A12o
3

• In the Lo~-rer Permian Groups, CaO and Mg() form the major geochemical 

components. Fe oxide and K2O distributions are relatively stable throughout 

the lower Permian and Upper Pen.~sylvanian. • 
The minor elements on the other hand, reveal a totally different 

,pattern of stratigraphic cont:rol. HnO, for example, has a distribution 

that may reflect differences in the original carbonate mineralogy or the 

depositional environment of the sediments. High.values are recorded in 

the Lansing, Sha.vmee, Wabaunsee and Adtlre Groups. Similarly, Sr, 

another geochemical facies indicator, has peaks in the Council Grove, 

Shawnee Chase a..11d Pleasanton Groups that may reflect original mineralogical 

differences in the carbonate content of the·sediments and chances in the 

depth or s alinity of the depositional environment. Ga and Li are enriched 

in marine sediments relative to fresh 1,1a.ter and indicate th~.i.. parts of the 

Douglas and \!abaunsee Yere deposited in a restricted marine or non-marine 

environment. However, the inferenca dra,-m from all four dis-tributior.s is 



t::1at a complex i11terrelationship be-tween salinity, depth artd original 

mineralogy exists in Ka.~sas shales that cannot be unravelled by simply 

examining individl ia.l geochemical va.riableso .F\u-ther information may be 

gained by a multiva~iate statisticei analysis of the geochemical data 

(Chapter 5) . 

. Another distinguishing feature of the minor elenent geochemical d9.tEt, 

is t h e a s sociation of Cd, c~, Cu, !-.. o, iii, Pb, V and Zn with the occurrence 

of bla ck sh a les. This has been extensively documented in the literature 

and arise s from the chemical activity of organic residues in a reducing 

environment. 

A third factor influencing the geochemical variation of the Upper 

Pennsylvani an and Lower Permian shales is elucidated by the distribution 

of zirconium. As this element is predominantly found in the detrital 

mineral zircon, the stratigraphic regions rich in Zr probably represent 

periods of detri tal deposition. This conclusion is supported by th~ 

distributions of quartz, feldspar and Co which have peaks in the Douglas 

and Wabaunsee Groups. 
• A comparison of geochemical results obtained in this thesis and by 

Eb ens and Connor in a survey of 1Iissouri (1972), has s~1own that the geo-

chemical variation in the calcareous and black shale deposits 1 particularly 

Ca, Cr, Cu, Pb, l{i, Sr, V, a.Yld Zn, is regionally controlled. Variables 

that had equivalent ranees of results iL both Kansas and Missouri deposits, 

included Ba, Co and Zr. 

A number of published reports on the worldwide geochemical evolution 

of Cao, H~, K2o, A12o
3 

and Fe oxides, indicate that the distribution of 

major oxides in Kansas shales form a geochemical association that match 

worldwide trends during the Upper Pennsylvanian and Lower Permie.n. 

HoweYer, a negative correlation was noted between evolutionary trend 

of Sr in shales (Reimer, 1972) and that re?orted in this thesis. 
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The factors that may affect t~e geochemic2l variation in the Upper 

Pennsylva.nia11 and Lower Permian shales are, therefore, worldwide 

geochemical evolution, particularly in the major oxides, regional events 

such as the distribution of Ca, Cr, Cu, ?b, Ni, Sr, V and Zn and lastly 

a three-fold stratigraphic control of trace elements and major oxides. 

In the latter case, the associatio~s of variables noted are a carbonate 

fraction containing Cao, MgO, Sr, MnO and possibly Ba., Ga, Li and K2o, a 

black shale fraction including Cd 1 Cr, Cu, Mo, Hi, Fb, Zn and V and lastly 

a detrital fraction 1 Si02 , A12o3, Zr 1-!ith possibly Co and Fe oxides • 

• 

. 
' 
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In Chapter 3, statistical analysis was applied to mineralogical 

data from the Upper Fennsylva.riian and lower Permian shales of Kansas and 

en increased understanding of those factors affecting the mineralogical 

content of t he shales resulted. The aim of this chapter is to apply the 

seine techn iqu __ es to the geochemical re~..zl ts presented i.'1 Chapter 4 and to 

elucidate the geochemical evolution of the shales. 

Emission spectros·copic results obtained in Chapter 4 indicate that 

several geochemical associations within Kansas shales exist; firstly, a 

carbonate fraction consisting of !'1!10, Sr, Cao with possibly Ga, Li and 

K20; secondly, a black shale fraction including Cd, Cr, Cu, I.fo, Ni, Pb, 

Zn and V and finally a detrital association of Si02, Al2o3, Zr ar.d 

possibly Co and Fa oxides. ~hes~ associations were, however, inferred 

from a visual examination of the geochemical distribution of each oxide or 

element and must, therefore, be considered hypothetical. 

As mentioned in Chapter 3, it is most unlikely that individual 

variables such as Si0
2 

concentration in shales will control the geochemical 
• 

evolution of the shales. However, associations of variables may reflect 

. 
' 

natural stratigraphic controls iri. the g8ochemistr,1 of the Upper Pennsylvanian 

and Lower Permian shales. Hul tivaria-te statistical analysis of the 

geochemical data may elucidate wy associetion of variables and redefine 

those factors that affect the geochemistry of the shales. Univariate 

statistical analvsis of variable dist;ibutions (Chapter 3) have indicated ., 

mineralogical oscillations in the shales. Application of these techniques 

to the geochemical data may highlight periodic elements in the geoc_1emistry 

of Upper Pennsylvanian and Lower Permian shales. 

ffifIVARIA'11E Al:!ALYSIS O? GEOCHS .ICAL DA'l1A 

A number of major oxide and minor element stratigraphic distributions 

visually examined in Chapter 4, appeared to contain geochemical occill tion:. 
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A statist i cal cla:.cification ~ 1.d Y~r:£fi~ation of the :repetitions was 

performed by Fcurie·c e.nalysis ( see A; pendix 1)" Firstly, howe"~Er, each 

variable was trans.:'or~ed using linear interpolation (Davis, 1973) from en 

irregularly spaced data sequence to an equal-spaced sequence, having data 

1 points at ten ft. interve,ls,,. Af ·ce:r increasing the data seq1.1enoe to 218 

:points, t h e geochemical variables we:re analysed by linear regression to 

check how equal spacing the data may have affected the gBochemical 

distrib:iti on e Ho variable, hmrever, assumed. a greatly increased gcodness-

of-fi t or ca r.r elation coefficient. This enabled the investigator to submit 

the equa l - s p:.1ced dat a points to the Fourier analysis pro6T.am knowin.1 that 

any cycles de t ected would be representativ~ of the original data. To 

obviate a._11y pr obl e:.!S e..ssociated ·with extrar?.eous noise in the rlata, an 11-

term s moothing e quation was also a~plied to the e~uaJ.-spa0ed data and the 

outpu -f: submi· ++pd to t n1 e Fo ri er pr ..,.,..f'.>m ,., " - _ U - Ou-'-=• 

The first variable studied was Si02 ~1:.d as expected, the raw po;,:e-r 

spectrum .closely matched the quartz spectrum recorde~ in Chapter 3. Peaks 

are recognised at the 3rd, 7th, 14th, 19th, 22nd, 26th and 33rd. harmonics 

of which the 7th and 14th haTIIonic peaks a.re retain~d in the power 

spectrum of the smoothed data. The repetitive elements with intervals of 

70 a..~d 140 ft. probably represent the geochemical cycles detected in 

Chapter 4, whereas the small pea~s retained in t~e reeion of the 30th 

harmonic possibly indicate a Group-by-Group cycle in the zeochemistry as 

witnessed by the large scale stratigraphic zones observed in Chapters 3 

and 4. 
The Cao stra-tigraphic distribution has a raw power spectrum with 

peaks at the 4th, 7th, 9th, 13th, 15th, 17th, 19th, 21st, 27th, 31s·t and 

33rd harmonics. After sr.1.oot:1il1[;· the equal-spaced data, peaks a·~ the 5th, 

7th, 9th ':l.nd 13th harruon5.cs are 1:>roduced. A 70 ft .. inte_ ,al cycle is 

prominent in this data !')ossibly indica.tinc- a cycle in carbonate de;;oaitio1 .• 

_Both the x2o and Fe oxide dist,ribution contain a 7th h? .... rmonic pc~-k 



:i.n t:iei:r raw pot;ter spectra., although in the case of Fe oxides, t~s shifts 

to the 6th harmonic after smoothing. Similarly, n
2
o3 a"'ld He() have 6th 

harmonic peaks. .Another close agreeE.ent betwee!l the power spectra of 

Si02 , Cao, ¥.ig() and .A12o3, is the occurrence of a peak at the 12th, 13th or 

14th harmonicso However, only Si02 ~~cords a peak around the 30th harz::o~~c. 

It seems possible, therefore, to distinguish short-term repetitions·, 

in the ma jor oxide eeochemistr'J corresponding to the 70 ft. cycles in the 

mineralO&"J o f the Kansas shaless This is probably a reflection of the 

lithological cy cles distinguished by hoore (1936). A 300 ft. cycle 

distinffUi shed i n ~i02 may repres&nt the Group-by-Group stratigraphic 

variation ~ot ed in previous chapters. 

A few minor element distributions were also submitted to these 

procedures in an attempt to detect periodicity in the shales. lm0, Ba, 

Cd, Co, Cr, Ga, Li, Eo a.,.--id Hi distributions were considered representative 

of the minor elenent variation detected in the Kansas shales and most likely 

to contain repetitive elements. In !-1n0, Ba, Cr, Hi, Mo, Cu and Ga 

distributions, the 70 ft. cycle was again dominant and in Cr, Ni, I~o and 

Cu, a 130 ft. cycle was also recognised. • • The only apparent anomaly in 

this study was Li which had power spectruu peaks at the 5th, 9th and 12th 

harmonics. A nu.TJ1ber of elements also had peaks at harmonics between 25 

and 30 but no consistency "-'.TaS noted. It appears therefore that the peaks 
I 

at the 7th and 13th harmonics are the only common features amongst the 

minor elements. The heat loss variable was also analysed and produced 

peaks at 7th and 13th harmonics. 

The correspondence of results obtained fro~ the m~jor oxides and 

minor elements seems to support the hypothesis thet there are geochemical 

cycles of 70 ft. and 130 ft. intervals. It also appears probable that the 

• 1 d d ' C Cu ,. • r! ' 'T • 1 t d minor element geochemical eye es e,:;ec"ta in r, , 1·~0 e:1 \,A 1, 1 are re a e 

to. the periodic occurrence of black shales. As Moore (1936) hr:.s 

continuously employed black shales as distinctive marker ncri~ons in 
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Upper Pennsylvanial'l cycloth€ms ani megacyclothems it mav be inferred ' .. . 

that the geochemical cycles (and mineralogicaJ. as these also indicate 70 

ft. cycles) a.re related to Hoore 's lithological cyclothems. 

Q_EOCHE.[ICAL cor:RELA'11IOHS 

Correlations between the geocherui.cal variables are shoytm in Table ·, 

5.1. All variables have been included i..l'l the matri..-x, as parameters such 

as Ag, Be, Bi a.l'ld Ge that seemed at first glance unirnportar;t (Chapte~ 4), 

may prove to be of significance in a iIIU.l ti variate analysis • 

.Al2o3 has strong positive correlations with Si02 , K2o, Ba, Ga and 

Zn, reflecting geochemical associa.tions in feldspar (Sio2) anri clay 

mineral lattices (K20, Ba, Ga, Zn). Negative correlations with CaO, ?~, 

t1n/Fe r a tio, HnO, Bi, Ge, Sn and Sr a.re attributed to the lack of Al2o3 
in carbona te environments. CaO shm•:s a positive relationship to Y.Tn/Fe, 

MnO, Bi, Ge, Sn and Sr, all of which a.re commonly associated with 

carbonates, and negative correlations with Si02 , Al2o3, K2o, Fe oxides, Ba, 

Ga, and Zn. As noted above, Fe oxides has positive correlations ~ith 
• 

Al2o3, K2o, Ba, and Ga and negative with CaO. K20 shows a similar set 

of correlations to the Fe oxides indicating a geochemical association in 

clay minerals or potash feldspar. r1g0, is positively correlated with CaO 

reflecting a.~ association in dolomitic shales, 8:l'ld negatively correlated 

with Si02 as quartz contains little }fgO. 

Considering the minor oxides and elenents, a number of variable 

relationships indicated in Chapter 4 are clarified by the correlation 

coefficient matrix. The association of Cd, Cr, Cu, Be, Ki, No, Pb, V and 

Zn distributions is supported by high positive corr.elations between all 

the elements. There is also a strong connection bet:een the ninor 

elements }InO, Bi, G~, Sn a~d Sr of the carronate fraction. Be, Ga, Li, 

Cu and Zn form a tenuous association that probably relates to substitution 
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in clay mineral lattices. Ag, hcwever, h~s no auoarent af.finitie;:; to anv - . .. 

of these groups of miner elements !J':lt sr.ows a hiG"h correla-tion with. Co 

indicating a possible connection wit.:i the d9trital fraction. Pbe heat 

loss variable shows a high correla.tion with the Cd, Cr, Cu, Be, rfi, Ho, 

Pb, V and. Zn association indicating ths.t sa-nple3 enriched in the~e 

elements a lso contain the most volatile materials. 

The as sociations of geochemical ~ariables elucidated by the 

correl ation coe.fficient matrix are there-fore: 

1. an Al 2o
3

, Si02 , Zr a...~d possibly Cc and Ag combination &s a detrital 

fraction, 

2. a CaO, HgO ; NnO, Mn/li1e, Bi 1 Ge, Sn and Sr association representing 

a carbonate fractions 

3. a Cd , Cr, Cu, Be, No, :tri, Pbs V, Zn and heat loss geochenica.l 

fraction common to black shales, · 

4. a K2o, Fe ?Xie.es, Ga., Li, and possibly Cu and Zn association 

forming s·•J.bsti tute~ in clay mineral lattices. 

:MULTIVARI ATE S~A'"!.1IS11ICAL AI.:ALYSIS OF G.;,OCHEMICAL DATA 

In ord_er to further clarifJ the relationships between major oxides, 

minor eleraents, and inter-element associations a.~d to establish the 

stratigraphic variation in geochemistry, the folicwing stanaa.rd statistical 

techniques - principal components ~alysis, Q-code cluster 2..n;::-..lysis and 

multiple discriminant analysis were applied to the geochemical data. 

Details of the theoretical and computational aspects of these techniques 

can be found in Appendix 1. 

R-I!lode principal corar,onents e.naly~is of the data. produced six 

significDr.t compouents (eigenvalue > 1.0) which tcsether accoWlt for 

77% of the total varicmce, each component explaining more than 4~: of the 

?-ata varia...11.ce ('l'able 5.2). Loadings of the variables 011 the col'lpon~nts 
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Ei,s:enva.lues of the princiual comJo..:~e1~ts extr£!.cte<!, 

Co~ponent Eige::walue % Variance Cumulative% variance 

1 7.9 29.2 29.2 

2 5.7 21.3 50.5 
. 

3 3.1 11.3 61.a ' 

4 1.6 600 67.s 

5 lo5 5.6 73.4 

6 1.1 4.1 77.5 

TABLE 5.3 Correl.3-tioI'-s betweeI'- p,...oma.x obliaue axes 

PR0111AX FACTORS 

1 2 4 5 6 • 

1 1.00 

') 0.05 1.00 .... 

3 0.20 0.21 1.00 

4 0.19 -0.07 0.01 ·1.00 

5 0.33 0.17 0.22 -0.01 1.00 

6 -0.01 -0.16 0.1a -0.19 0.01 1.00 



w 

a:i:·e showI'. in ]'ig. 5.1. a .. nd. e. mos-t complicated pict1.:.2·e emerge3. Since in 

geocrlemical .i.ff.;estigati orrn . t he •~om!)onE:~nts e:.r:e not a.lways indeper.dent 

(01:thogonal), further insight into the geochamistry of the shales can be 

gained by performing varimax and oblique promax rotations of the six 

i compoEent axes. BiJ this method, t he variables influentie~l on each axis ~e 

illuminated ( Fig. 5.2) &7.d the geochemical controls of sedin:ent evolution, 

out Lined. 

In Chapter 3, the results cf va.rim.a.x and :pror.1ax rotations 1-:sre 

fou..1.-id tc cornp1i c ate t he exposition of p'.!:'inc:i.:r:,al co1;1:pon1:?nts loading3. However, 

in the multi •. r iate a...nalysis of geochemical a.at a, the tecbniq11es aided 

interpretati or;. . Fig. 5. 3 illustra-tes the 1Promax loadings and T£.,ble 5. 3 

present s the correlation bet·,1een t he roi;ated oblique axes. The following 

expla."'la tion for the components can therefore be proposed: 

Component 1:-

The ver.y high loadings of Cao, MgO, HnO and S:r; suggest that this 

component should be designated the ca.rbo~ate component. The elements Ge, 

Bi, Sri and Sr all show their highest loadings on the component but 

evidently also play dual or triple roles by showing significant loadings 

on other .factors. The positi,,re loadings of these elements and oxides are 

opposed by high negative loadinBs on Si02 and Al2o3 clearly indicating a 

detrital phase antipathetically related to a carbonate fraction. 

Component 2:-

The elements Ni, Pb, Cd, Cu, V, Zn, Cr, Mo and Be dominate this 

component and have low values in all samples from black shales. L"l 

contrast, the opposine elements Zr, AI2o3 and Si02 have r.1odera;te positive 

loadincrs on the principal components but are re~oved by the effect of 

rotation. Therefore, component 2 is refe1.-red to as the black shcl.e 

com_-ponent ant: reflects changes in th~ conditions under which the shales .. 
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were deposited. As black s:ha:i.es are nor.:ria.lly developed under reduoing 

cond.i tions, the cor:rponent may also re.:prese!lt an oY..ida.tion-reduction 

co~t~ast or . "El·i''·component!I 

Componer..t 3: -

This component shows hieh negative loadings, in order of ma.gni tude, . 
\ 

for K2o, Li, ·Fe oxides and Ga against moderate :positive loadirrgs for ?o, 

Ag, Z:r and Si02• On rotation, negative leadings a.re recorded for Fe oxides, 

Ga, ~O and A12o
3 

and positive .fo:i."" Cao, l-'m/Fe ratio, Ko a"ld Sr. The close 

relationship of K2o a~d A12o
3 

is normally associated with pota~siw:n 

feldspar or clay minerals. This is to a great extent substantiated by the· 

Ga and Li which often substitute for K~ in clay minerals. Th.e additional 
.. .:. ... 

high loaning o.f Fe oxides may. also be explained in tems of substitution 

in clay mineral lattices. 

The positive l oadings on the third principal component reflect the 

inability of detrital elements such as Ag, Co a.nd Zr to substitute in clay 

mineral lattices. On rotation this association is replaced by the carbonate 
. -

·component ·elements, Cao, Sr and I"ln/Fe ratio which agaiil~rare1y combine in 

clay mineral lattices. 

Fig. 5.4 is a plot of the scores for component 3 against total clay 

mineral content, as determi..~ed by difference: 100 - (quartz+ carbonate)% • 
. 

Correlation is good; the line drawn is believed to represent the most 

realistic regression with the samples plotting_~~ll to the right of it ... .... 
being in error due to the relatively high feldspar content. Since feldspar 

is not considered in the above calculation, the total clay mineral content 

in the samples will be exaggerated by the 8.J!lount of feldspar. It is 

noticeable from Fig. 5.4 and predictable from the calculation method tha~ 

the en.·or in samples with a hi6'h clay mineral content is small ( < lO'"t), 

is about 101~ at a clay content and can increase to about 15% in low clay 

samples. 
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Cor.1ponent 4:-

High negative loadings for Co, Zr, ar1d on rotation Si02 , indicate 

that this component could represent a detri tal component. High pozi tive 

loadings of NgO (only principal components), Sr, CaO, Ag, and K2o (only 

promax ro t atian) provide support for this conclusion. The positive loaded 

elements a.~tl ex.ides (except possibly Ag) are linked through the process of 

coprecipitation and rarely form detrital sediments. Scores for this 

component therefore indicate a cietrital or non-detrita.l com:rosition for 

the sampl eo 

Conpone:nt 5:-

This component is controlled oy the a.mount of Hn occurring in the 

shales. HnO and En/Fe ratio have high :positive loadings whereas Ca, Be 

(only proma.x), Zr and Fe (only principal co~ponents) have low positive 

loadings. These are opposed by low negative loadings for Cd, Li, a.~d Si02 • 

. 

As r1n2+ substitutes extensively for Ca in c2rbonates, the corr.elation 

(Table 5.3) of 0.33 between promax factors 1 8.nd 5 is not unexpected. 

Although EnO tlso occurs in sediments as oxides with a s·eneral pyrite 

structure, the negative loading for Si02 :precludes a detrital I!lineral 

association. This component is therefore termed the "manganese component" 

and. is closely related to the "carbona·te component". 

Component 6:-

The elements and oxides controlling component 6 show a bipolar 

distribution with positive loadings recorded for Ae, and Co and ne&~tive 

loadings for Zr, K2o, A12o3, Ga, Sr, and Cd. This co~ponant reflects the 

occasional high values recorded by tha Ag end Co Yariaoles in sandstones 

and sil tstones and is consequentJ.y negatiYely correlet'?.d with :promax 

£'actor 4. However, es both these v,u-ie.bles are eenerally accorded 

neglieible values in Kansas shales, the majority of score on cot ponent 6 

' 
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occur between 0.3 and 0.5, with occasional high Co and Ag values producing 

high scores. 

Therefore, the geochemical relationships developed in the Upper 

Pennsylvanian and Lower Permian shales are fotmd to consist of six 

associations. Firstly, the geochemical evolution of the shales is 

influenced by a carbonate component, and then successively decreasing in 

significanc e , a black shale component, a clay mineral component, a detrital 

component , a ma.11ganese component and lastly a component that can only be 

termed an ~ ~/ Co component. 

Hav 5ng cl~f ined the controls over the geoc:iemical development of 

Kansas ·sha l e s , i t is possible to examine the stratigraphic effects of 

these contr ols by studying the relationships between the samples. . The 
• 

scores of Kansas shale samples on the six significant components were, 

therefore, submitted to a Q-mode cluster analysis program. The dendrogram 

produced is shm•m in Fig. 5.5 and the s~ples seen to fall into a number 

of natural groups. Al though most of the samples appear to be closely 

associated, a maximum of ten groups or clusters can be distingaished. 

Before examining the stratigraphic distribution of these clusters, 

it is necessary to confirm that the ten groups a.re discrete and not simply 

a product of the clustering method. The procedure adopted as a test was 

described in Chapter 3 and is based on the multiple discriminant analysis 

program of ~1a.ther (1969). By this method, variation between clusters is 

maximized to produce · two discriminant axes, accounting for 70. 9% of the . . 
sample variance (Fig. 5.6). As the di8.I!londs in Fig. 5.6 represent the 

means of each cluster ± 1 standard deviation on each axis, it can be seen 

that clusters A, B, c, E and G are indistinguishable and can be D!erged. 

Similarly, group J only consists of two samples and can be l!:erged for 

convenience with group H. Group I, on the other hand, is found to be 

unique and represents blaclc shales with hi gh scores on com:?One.'lt 2. A 
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more realistic a.rrallgement of the dend.rogram samples is therefore: 

1. clusters A, B, C, E and G (referred to henceforth as cluster A), 

2. clusters H and J (referred to as cluster H in the succeeding 

discussion), 

3. cluster D, 

4. cluster F, 

5. cluster I o 

When examined by discrimina.11.t analysis, the revised clusters are 

found to be discr e te units (Fig. 5.7). It can be concluded therefore, 

that the geochemi cal controls outlined previously divide the shale samples 
. 

into five groups In Fig . 5.6 the geochel!!i.cal components are superimposed 

on the distribution of the groups to s!1.ow that although each cluster is 

unique, it is generally influenced by more than one component. For example, 
• 

samples in cluster H have high scores on components 1, 4 and 5, cluster I 

has high scores on component 2, cluster A is characterised by high scores 

on component 3 and cluster F is controlled by the high scores recorded on 

the 1st component. Samples from group D, on the other hand, are 

characterised by low scores on components 2 and 5. The controlling 

components indicate that clus ter I consists of black shale samples, 

clusters H, F and D are dominated by caica.reous and d9lomitic shales, and 

cluster A by quartz, feldspar and clay-rich shales al though in the latter 

case, some overlap into the calcareous regime does occur. These findings 

• -: · .- ·.: ·--a:re--=:--su.pportecF °l:Jy: -a ·comp.arisoir-·h-et~,e-eir· the dist~ibution or-shale samples in 

the X-ray diffraction and geochemical classifications (Table 5.4). 
The distribution of the shale samples according to their cluster is 

shown in Fig. 5.a and reveals a five-fold division of the stratigraphic 

colunm. The lowest division consists of the Pleasanton and Lower Kansas 

City Group beds and contains samples that fall into all five clusters; the 

majority of: sanples beloneing to cluster A, four to cluster I and one .fro1:1 

each of the remaining clusters. Samples from cluster I occur _at 
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Dist:r-i butiori of shale sai:tples in the X-r&~Y C:i.ffr?.ction ar~c1 

geochemical classificati.ons, indi0atinff, for c?xam:pie, tha.t 

of' the · se.:nples in geocl:e!:J.ical ch1ster F, 4 were classified 

into X-ray diffraction clust~r E, 1 into G, 1 into .A artd 2 

into H. 

GEOCFill:ITCAL GROUPS 

A D F H I 

A 16 1 1 3 

B 48 .1 3 

C 3 2 

D 6 

E 16 8 4 5 

G 1 1 5 

H 1 2 

• 
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approximately 70 C'..J.. 
J.. \,,:" Q intervals and reflect th0 occurrence of black ahale 

deposits. There is therefore, B, close l -ink between the regularity of 

black shales (cluster I) and the 70 ft. cycles noted in the Cd, Cr, Cu, 

I1o, ~i, Pb, Zn and V trace eleI!lent distributions. Carbonate-rich shales 

(clusters D, ]; a,.---id H) are, in three of the four ca~es, associated ,-lith 

the cluster I Sa.I!lples, indicating a con.'1ection between the occurr&r~ce of 

calcareous 2-nd dol omitic s:iales and tha geochemical cycles noted in 

earlier section s o f this chapter. 

Followin g t h e Pleasa.t1ton-Lower Kansas City section is a.11 Upper 

Kansas Cit y, Lans 3.ng and Dou3las GJ:.-ou:ps zone, that consists predomi:la.ntly 

of cluster A sanples with an occasional calcareous s~ple. This division 

reflects t he l arge nL1mbers of sil tstones and sandstor:.es occurring ir.r. this 

part of the stratigraphy. 

The succeeding Sha1,,mee G:roup is similar to the Pleasanton-Lower 

Kansas City section. Samples from all clusters are G.g"ain recorded although 

the proportion of cluster I to D, Ii, and. H are slightly different. Two 70 

ft. cycles, are detected. The Wabam1see Group constitutes the fourth 
• section ari.d bears a close resemblance to the Upper Kansas City-Lansing-

Douglas division, i.e. cluster A samples predominate although an 

occasional c~lcareous or dolomitic shale is developed. During the Upper 

Wabaunsee and Lower Permian, calcareous shales dominate a section that 

a:J.ternates between samples of cluster A, D, F and H. 

Summarising, the stratigraphic distribution of shales can therefore 

be considered in terms of five sections of which the Pleasanton-Lower 

Kansas City and Upper Ka..-isas City-Lansing-Douglas sections show geochemical 

similari ti.es to the Shawnee and Lower ~fa.baunsee sections respectivel:t. 

. 
' 

i'he lower boundary of the Upper Wabaunsee ?..nd Permian zone reflects an 

important char.:.:,e in environmental cono.itions from the g~nerall;; cl!'.~tic 

deposition of t!10 Uppe:i..· Pennsylnmian JliO the carbonate-uomina.ted sediment~.tion 

in the Pernian. 'l'he Pl~asa.nt•~m, Lci:-,er Ka..'1.sas City and Sham-:ee Groups also 



sho~; evidence f or geochemical cycle 1t 70' ft. jj1terval~. 

C01WLUSI01TS 

The geoch emical evolution of the Upp~r Pennsylvanian a.rid lo\'1er 

Permie.n shales of Kansas has been elucidated by univariate and J!!Ulti-

variate statistical techniques. Fourier analysis of equal-spaced 

geochemical data h a s con sistently revealed cycles with an interval of 70 

ft. in the stra t i graphi c distribution of the major oxides and minor 

elements, Si02 , Cao, K2o, Fe oxides, MnO, Ba, Cr, Hi, 11o and Cu • .A 

comparison of geoch emical and mineralogical evidence indicates that the 

cycles are no t ed in both data sets and that t he cycle may be a reflection 

of cyclic changes i n sedirnentariJ conditions. 

Close elemental a s sociations in the geochemical data were noted by 

a visual inspection in Chapter 4. Statistical support for these cor.clusions 

has been found in the correlation coefficient matrix for the B'eochemical 

data. Elements and oxides are found to split into four associations that 

can be related to nineralogical and lithological parameters - a detrital 

fraction containine Alo s Si02 , Zr, Co and Ag, a carbonate fraction 
2 3 

containing Cao, Hg'{), r-rno, 1'-'in/Fe, Bi, Ge, Sn and Sr, a clay mineral fraction 

with K2o, Fe oxides, Ga, Li, . Cu and Zn and a black shale association of 

Cd, Cr, Cu, Be, :Mo, Ni, Pb, V, Zn aYld heat loss •• 

A principal components analysis of the geochemical data clarifies 

these relationships and details the controlling influences in the geo-

chemical evolution of Kansas shales. Six significant components a.re 

extracted from the data a...~d are interpreted as a carbonate component, a 

bl~ck shale component, a clay mineral component, a detri tal component, a 

manganese cornpon£nt and lastly an Ag/Co component. .Each component 

represents associations of elements and oxides that describe an import:mt 

source of variation in the geochemistry of the Upper Pennsylvanian tnd 

Lower Permian shales. 
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Besj_des det0rmining the cont:rols in the geccheBice.l ·aevelonraen-i; of 

Kansas she.less it ha s also been possible to dete:r~ine the stra.tigra.p!'!ic 

effects thi?.se com_por..ents have on the geochemistry of Kansas sli..a.les. A 

cluster e.nalysis and mul ti:ple discriminant a.'l'lalysis of the e;eochemical 

data has produce.d a classification o'i' sr..ale saoples ir.to five gTOups tr.at 

axe geochemically distinct. Each group is uniquely defined by the 

influences each of t h e compo:nents has on tl1e ff"..COup. 

The dist -:-i bution of these sariple eroups delineates five stratigre.phic 

zones that are .1.~eoc:1emically distinct. The stratigraphic differences in 

shale geochemi s t r y ca..n be attrib1.1ted to c~1a.11s-es in i:he ~9diaentar<J 

environme!lt. I n t he Pleasax1ton &."1d Lower Kansas City Groups, alternatior.n 

of calcareous 1- bla cK and quartz-rich sh&.les indicate .four sedinenta.!'1/ 

cycles of 70 ft. intervals separated by quartz-rich shales. The succeedine 

Upper Kansas City-Lansing-Douglas zone contains samples that have high 

scores on the detri tal component ;ndicating an influx of detrital rnderi?l 

from the upper Kansas City to Shawnee Groups. Comparable conditions to 

Pleasanton-Lower Kansas City and Upper Kansas City-Lansing-Douglas zones 

were repeated in the Shawnee and Lower Wa.baunsae respectively, al thoi.igh 

only two cycles were indicated in the Sr1awnee. '11he Upper Wabaunsee, Adrilire, 

Council Grove and Chase G:!'.'oups are enriched in calcareous and dolomitic 

shales unlike the preceding generally quartz-rich shales. The change to 

calcareous sediments marks a significa~t boundary in the Upper Pennsylvanian 

and Lower Permian stratieraphy and is probably linked to t:1e closure of 

the Kansa.s epeiric sea (Heckel, 1972a). 
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IWP.RO:i)UCTION ..,_..-. ~-
Conventional raic:rosco9ic techniques are !mown to be generally 

inappropriate for. the study and classification of shales because their 

constitue:1t particles are smalle:c than the resolving power of a.Tl optical 

ill.icrosco,e •• As a result, instrumental techniques such as X-ray diffraction 

( Chapter 2) and emission spectroscopy ( Chapter 4) were employed to determinEt 

the mineralogical and. geochel!lical composition of the Upper Pennsylva!lian 

e..l'ld Lower Permi an sha.les and to classify samples on the basis of 3uch 

analyses. However, questions concerning the envirolliile:it of deposition of 

some shales have be en raised by geoc.he!!lical variables such a.s Hn and Sr 

(Chapter 4). ?hi s chapter hopes therefore to clarify +,'.'lese in<.:onsista!JCies 

and to verify the conclusions dra,,m about the geocbemistrf of the sh~lee 

Tae geochemical distributio~s of Hn and Sr in lipper Fe.!lllsylvanin..'1 

and Lower Permian shales indicate epparently contra.dic·~ory seclir:ienta.ry 

conditions in the Kansas City a.TJ.d Wabaunsee G~oups. The evidence for 

this conclusion rests on differences in the geochemical situation of 

each element. l'l!l, icr example, may occur in association with carbonates 
;i 

or clay minerals~ ::Iowever, it is possible using a spectroscopic tecr.:.nique 

knmm as electron spin resonance (ESR) to differentiate the structaral 

settings of ions such as Nn2+ and clarify the environmental problem. The 

shale spectra ge~erated for this study ca.n serve_a second function, to 

provide supplementary evidence on the geochemical and mineralogical 

classifications developed previouslye 

ESR is relatively unlmm-m in the seoloeical sciences even though it 

has been applied quite extensively in the fields of de:erminative 

mineralouy (Harfunin, 1964), Lunar mineralogy eJ1ci petroloe:r (~:~eks, 1972, 

1973), terrestrie,1 silicates a.TJ.d carbonates (Ghose, 1968; ~~ildeir.1n, 1970), 

crystallogrP-:phic unalynis (I..ow, 1968) a:-.d (;eolot~ical a~e dating (I:oreucy et 

al., 1970). 'I1herefore, a detail&d list of applicat ions is nresented in 

Apr,endix 2 and a ':.i r.i.ef theoretical de•s r=iption is expou"lcl.ed fr~ ·ti:d n chapter. 
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AJ.thoueh prima:r·ily a chemical technique for the Gtudy of 

para.1U&gnetic ions in crysta,ls, ESR is usec~ as an instru.rnental tool in 

geology for the detect1on of certain ionic species in minerals and rocks 

and analysing the structural position thgse ions occupy within minerals. 

It is particularly a pplicable to ions in the transition group (3dn), the 

n c:: n • pal le.di um g.roup ( 4.d ) , the platinum group C,d ) , the rare earth g:-oup 

(4.f1) and the actin ides group (5:t'1"). In comparisc,n with other instrumental 

techniques, it is i nacc1u·ata (20t~ optimum precision) as a ciuantit2.tive 

technique but i s exceptionally sensitive as a qu2litatiire technique 

( -5 --12 10 to 10 moles ). ESR also possesses three other important 

characteristics ; less than 0.5 gm of the sample (solid, liqui~ or 

powder) i s required for analysis, the technique is non-destructive and 

sanple ana l ysis c~n be completed within 30 minutes. Consequently, as ESR 

ha:; r.o functiona,l equivalent in the instre.mental techniques cu_r-rel'ltly 

employed in the analysis of shales, the simplicity and speed of analysis 

suggest that the technique may be a useful supplement to standard 

procedures. 

• 
'11.HEORY 

Different types of chemical compounds can be distinguished r.ccording 

to their behaviour when placed in a Inaa'"'lletic field. 

Firstly, diamaTnetic substances are less permeable to magnetic 

lines of force than is a vacuum a.nd tend to move from the strong to the 

weak part of the magnatic field. The phenomena of diamagnetism is found 

in all cherr1ical substances and is caused by the interaction of an extemal 

magnetic field lii th the magnetic field produced b~r the movenent of 

electrons i:1 .filled atomic orbitals. 

Alternatively, pa.rar1H~~ substa.wices show the opposite bahiwiour, 

that is they move from the weak to the strong part of tlle ~ ~"le-t.ic fielC: 



E'.S they are more pe~ea.ble to ma.,3'.Getio 1ines of fo!'ce than is a vacuam. 

This a-rises when an atom, ion or molecu:!.e possesses one or itore tmp9.ired 

electrons. As the diamag!"1e"tism of a substance is generally week, it is 

usually masked by the para.magnetic effects. 

When a magnetic • field is applied to a substa.11ce, ESR, a technique 

for detecting parama ~netism, ca~ be used to study ions espaci~~ly Co2+, . 
Ni2+ Fe2+, M .... 2+, T. 3+ ,., 3+ _?+ eu2+ all f b • h , t • d , .i·u.L i , vr , r , a~a. . , o w 2c a.re c.narac erise 

by the presence of one or more unpaired electrons. 

In theory, since a charged spinning unpaired electron possesses a 

magnetic moment, it can be aligned parallel or antiparallel to an 

externally applied magnetic field. Th.is gives rise to two energy states 

(Fig. 6.1) - a stable low energy state represanti!)-g electrons :parallel to 

the field. ancl an unstable hieh energy state representing those sntipa.rallel 

to the field. If radiation in the microwave region is applied to the 

sample, electrons in the 101.·1 energy state can absorb ener0y a.."'ld thus 

become excited to the high energy state (provided the energy of each 

quantum equals the difference in energy between the electron states, i.e • 

Lv c:: g/3 H 
0 

• 

where L = Plancks quantum of action and v = frequency of radiation). 

Provided equilibrium is not seriously disturbed, there will be a 

net absorption of radiation due to the larger population of unpaired 

electrons in the lower energy level (Boltzmal'l.n 1s law). To maintain steady 

state conditions, various relaxation processes allow the electrons to 

lose energy and return to the ground state. These electrons can then be 

re-excited to the uppar energy level producing a continuous movement between 

the two e~eri3Y levels - the resonance condition. The net absorption of 

energy for a sample with unpaired electrons is registered by the ESR 

equipment as a single line. 

Al though this simple situation allows a.Tl investigator to p..~ve the 

\ 
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1.1· 6 _ig. ·1. Energy levels for an unpaired electron in a magnetic field(. is the s 

magnetic q_uant11m number which takes the value :! ~-,(3 is the Bohr magneton the 

unit of magnetic moment , g is the spectroscopic splitting factor which is the 

ratio of magnetic moment to the angular 'ilomentum possessed by the electron, H0 

is_ a particular v2.lue of a magnetic field H and E is the difference bet,:een 

two energy levels.) 



presence of 1mpa i:red elect rons in a saE:ple, the success of ESH in solvi:!1&' 

geochemical and mineralogical problems steEs mainly from the occurrence 

of hyperfine structur~, which is the result .of _interaction bet•,1een 

unpaired electrons and nuclei which also possess spin. 

Consider the inter2.ction between an unoaired electron ancl a proton 

wi tnin i ts nucle· s. Tne ener0:,:1 of ·;::e u.:.1,_ired elect r c;r. will be 

modified by t he energy levels of the _ _proton (which has a spin pf½). In 

Fig. 6.2, i t can be seen that there are two transition values for which 

resonance occ~ 's, the transition values being governed by selection rules 

for the change i n magnetic quantum numbers, i.e. 

llM = +1; s 

where 11 is the magnetic quantum number for the electron, which can ta.1{e 
s 

the. values of :!: ½ and !1i is the magnetic quantum number for the nucleus, 

which is!½ for t he proton. These selection rules imply that, in this 

situation, as the magnetic field _is varied,_ there are two ·values of the 
., .· . 

magnetic field for which resonance takes place and consequently two 

hyperfine lines are observed (Fig. 6.3). • . . . 
Similarly, when an electron interacts with two equivalent protons 

(i.e. the protons have equal symmetry in the radical), the four levels in 

~ig. 6.2 will be split by a second _proton interaction to give two sets of 

three levels, the central level being double degenerate (Fig. 6.4)~ For 

_an interaction with three equivalent protons, the spectrum recorded 

• ··c?~sists o.f foux hyper.fine lines with relative intensities 1:3:3:1, and 

for an interaction with four protons, five hype~fine lines with relative 

intensities of 1:4:6:·4:l. In general, with n equivalent protons, a 

hyperfine spectJ."UJD of n + 1 equally spaced lines is obtained with a 

distribution of relative line intensi~ies 5iven by the binomial 

coefficient a n Cm where m equals 0,1,2, •••• ,n. 

Non-equivalent protons complicate the hyperfine structure • . 



E 
N 
E 
R 
G 
y 

FIELD 

M' =- ! -- 1. 

M -+' s- 'i 
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Fig. 6•3. Hyper.fine structure observed when one electron interacts with one proton. 

The separation between the peaks is termed the hyperfine splitting constant which 

for protons o.f free radicals are in the range O - 30 gauss. 
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Fig. 6 • 4. Electron interactions with variable numbers of equivalent protons and 

the resona.nce transitions satisfied by the selection rules. This figure also 

illustrates the relative intensities of these transitions. 
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Consider·i ng t wo sets of non-equivalent protons I!l and n, in 2 radical, the 
I 

proton set m will produce (m + 1) enerfft sublevels of the two er~.ergy 

levels seen in Fig v 6.4 a.."'1d the proton .set n will produce (n + 1) 

energy sublevels, giving a total of (m + 1) x (n + 1) energ:r sublevels 

associated with e a ch orientation of the unpaired electron in the magnetic 

field. There will b e (m + 1) x (n + 1) t:ransitions satisfying the 

electron resonance s e lection rules a..~d hence a hyperfine spectr~un of 

(m + 1) x (n + 1 ) lin es is obtained with an intensity distribution related 

to each grou:p I f t h e splitting constaY1ts are of the same o::-der of 

magnitude, th€': groups will overlap and some care will ba needed to 

differentiate hemo 

Other magne t ic nuclei besides protons can produce hyperfine structure. 

For a nucleus with a spin quantum number I, . there are 2I + 1 possible 

orientations of a nuclear magnetic moment in the magnetic field and hence 

there ere 2I + 1 ener{r'J sublevels associated with each of the two 

orientations of the unpaired electron i."1 the field. There are 2I + 1 

transitions between these groups, obeying the selection rules givir.g a 

hyperfine spectrum of 2I + 1 equally spaced and equally.intense H.~"J.es. 

This can be illustrated by the Hn2+ xadical. Hanganese with e nuclear 

spi!! of 5/2, shows six hyperfine lin':s with a hyperfine splitting of the 

order of 80 gauss (Figs. 6.5 and 6.6). 

The other interaction that is sometimes important in ZSR is the so-

called fine structure. Two electrons in the same para.I!!a.gnetic unit, for 

example, behave as thoue;h they have a spin of 1 and the energy level 

diagram now looks like ?ig. 6. 7. 'i!ith the application of a crystal electric 

field and a magnetic field, the ener{;-:; level dia6-ram chances (Fig. 6.8), 

and in this situation we can obseI.'"ve t ;,10 resonance lines. Extending this 

j_dea to a system of 5 electrons and an effectiva spin S of 5/2, a crystal 

electric field a."J.d a naenetic field will split the six fold degenerate 

level into the spectrum consisting of six lines. 
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Fig. 6•7. Ener ey level diagram of an electronic spin {S • 1) as a function of 

the magnetic fie ld. The simple level at zero field is three-fold degenerate 

but is s pli t i n to three levels by the magnetic f _ield. In this case, the angle 

between the +1 and O lines ·is exactly the same as between the O and -1 lines and 

only one transition will _be observed. 
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Fig. 6•8. Energy level diagram of an electronic spin tS • 1) with a zero-

splitting .field as a function of the magnetic field. Two transitions will be 

observed in this situation (at H01 and H02 field values). 
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:Pig. 6. 9 illustrates hm: th0 s :i_;lit ~ing pI'\,duced by El: crystal field 

and th~ spli ttine:,s 1.1roduced by -the hyp erfine interaction cowbi.Tle. 

Considerlng Hn2+ with an electr onic spin of 5/2 and a nuclear spin of 5/2, 

there are 2S t ra.ns i tion s . e ach split into 2I + 1 hyperfine lines w!lich 

produces a sp e ctri.1m of 30 lines (Fie. 6.10). T!-ie differences in the 

intensitie~ of t he groups of lines indicate which is hyperfina 2.11d which 

is fine structure . From the hyperfine and fine st::.uctu.~e detail of the 

spectrum, t he i n.vesti 0 ator can :precisely identify t he pF:1.ra.mae;netic ion 

producing t :1e s p e c t rum and als o the strv.ct u.xal ar.d crystallo3Taphi~ setting 

of t he ion. 

The spect ra are produced on an ESR spectrometer, the &ssentials of 

\lhich are shm•m in Fi g . 6.11. The basic requi~ements are a. sofil'ce of 

electromagneti c J~adiat ion , .s. sar~ple cell and a detector to measure the 

absorption of r adiation by the sample. 

In ESR b e en.u se of the difficulty of constructing variable :n.icrowe:ve 

sou::::-ces, the electr on transitions a.re detected \·Tith a ir.onochromatic 

radiation source by sweepin3 the magnetic field thI'ough the resona.11ce 

condition~ The source is a Klystron oscillator produci~g radiation ·with a 

frequency of 9GTiz a -pproximately, i.e. in the microwave region of the 

electromagnetic spectrum. This radiation is coupled in and out of the 

sample cavity by small holes or "irises" in the end walls. The sat:1:ple is 

orientated in the centre of the cavity so that the raaenetic vector of the 

microwave field which induces the transitions between energy levels, is 

perpendicular to the main mat_;netic field H. Cban5es in the microwave :po"'·cr 

level of the cavity are monitored by the c!'y-stal detector, a.r. :plified nnd 

observed on an oscilloscoJe or retain~d in permanent form wit~ n pen 

recorder. 

In the process of searching f c~ a resonance sign31, t he rnr..g=ie tic field 

is linearly incr.aased and when the field r eaches the critical value 

sati.sfyine the resonance condition: 
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Fig. 6•10. ESR absorption spectrum of an ion with an electronic spin {Sa S/2) 

and a nuclear spin (I= S/2). 
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Fig. 6.11. The essential elements of an esr spectrometer. 
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power is absorbed. by the sample and a ch.'.lnge in crystal current at the 

detector is rnoni to r ed. 

Sensitivity is enhanced by mounting Helmholtz coiJ.s axound the 
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cavity and superimpo s i ng a sinusoidal modulation (oscillator frequ€ncy 

apprc,ximately 100 Hz), on the slowly varying magnetic. field. Pro~ided t'he ~, • • 

modulation &mplitude is small ccmpared _uith the width of the -absorption 

line, the signa.l detected by th8 micro·wave cletector is proportional to · the 

slope of the s ;ie~tral line as the ma,gnetic field is swept through the 

resonance condit i on . The signal observed in ESR is the first de~ivative 

of the absorpt i on curve ·rather thBn ·the true line shape as norm;;2J.ly 

analysed u s i n g other spectro scopic techniques (Fig. 6.12). 

PROC~'DURE AI,'D RSSULTS 

52 finely powdered (less than 60 microns) shale samples from the 

Upper Pennsyl vania..n and Lower Permian of Eastern Kansas were studied a.t 

room temperatu re on a Varian E-3 X-band spectrometer. ~a.mples were placed 

in borate glass tubes, positioned L--i the sample chamber and analysed by 

the procedure d.escri bed above. The samples were chosen to represent the 

geochemical and mineralogical range of the shales examined by X-ray 

diffraction (Chapters 2 and 3) and emission spectroscopy (Chapters 4 a.Tld 5). 

A list of samples a.11alysed can be found in Table 6.1 and th~ir stratigra:.9hic 

positions are presented in Appendix 6. 
Figs . . 6.13, 6.14 and 6.15 illustr2.te th& types of spectra detected. 

Th E t . . ., . 2+ d e SH sigr.al s 0an rea.di ly be assi,,::r.ed to the par9.I!iagne ic ions i.ill a."1 

Fe3+, tor;ethcr •.d th 4 discrete features in the region of free spin 

f - ) 2+ di t t• 2+ \ti = 2. 002 3 • The f.1n spectra are of tuo tyI'f'S co~spon n.~ .o .·.n 

in a symmetric Ca-site as found in calcite (Fig. 6.6) &1:d to :t-!J/+ in an 

asymmetric Hg-site a:-J found in dolom.i.t~ (F'ie. 6.16). !l.'hese two types of 
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Fig. 6. 12. An esr absorption curve and · its first derivative which is obtained 
by field modulation nnd phase sensitive detection of the signal at the modulation 
frequency. 



TABLE 6.1 

SAI1J?LE 

1 

213 1 
290 0 

94 0 

36 0 
500 1 

135 0 
105 0 
208 0 
109 0 

272 1 
69 0 

209 0 
163 0 
161 0 
186 0 

81 0 
262 0 

173 0 

244 0 
235 1 

243 1 
125 0 
16 0 

82 0 
110 0 

46 1 
168 0 
633 0 
122 0 
300 0 
28 0 

. 200 0 

238 0 

298 0 

2 
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Coded v alue:; of spectral c!laracteristics based on presence 

or absence of a character az:d the intensity of that character 

relative to other characters. 

VARIABLE PJ::IWUCS 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 . 
1 , 0 0 0 0 1 0 1 0 1 0 l 1 1 0 

0 0 0 0 0 1 0 1 0 1 0 0 0 1 1 

0 1 1 0 0 0 0 1 0 1 0 1 1 l 0 

0 1 1 0 0 0 0 1 0 l 0 1 1 1 0 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 -Pure calcite 

0 1 1 1 0 1 1 1 0 included 2.s 
0 0 1 0 1 0 a standard 

0 1 1 0 0 0 0 1 0 1 0 1 1 l 0 

0 l 1 0 0 1 0 1 0 1 0 1 1 1 0 

0 1 1 0 0 1 0 1 0 1 0 1 1 1 0 

0 0 0 0 0 1 0 1 0 1 1 1 0 1 0 

0 1 0 0 0 0 0 1 0 1 1 1 0 1 0 

0 1 1 0 0 0 0 1 0 1 0 1 1 1 0 

0 1 1 0 0 1 0 1 0 1 0 1 0 1 1 

0 0 0 0 0 1 0 1 0 1 0 0 0 1 1 

0 1 1 0 0 1 1 1 0 1 0 l 1 1 0 

0 0 0 0 0 1 0 1 0 1 0 0 0 •l l 

0 1 1 0 0 0 0 l 0 1 0 1 1 1 0 

0 0 0 0 0 l 0 1 0 1 0 0 0 1 1 

0 0 0 0 0 1 0 1 0 1 0 0 0 1 1 

1 0 0 0 0 1 0 1 0 1 0 1 1 1 0 

1 0 0 0 0 1 0 1 0 1 0 l 1 1 1 

0 0 0 0 0 1 0 1 0 1 0 0 0 1 0 

0 0 0 0 0 1 0 1 0 1 1 1 0 1 0 

0 , 0 0 0 1 0 1 0 1 0 1 0 1 0 

0 1 1 0 0 1 0 1 0 1 0 1 l l 0 

0 0 0 0 0 0 0 l 0 .J. 0 1 0 1 0 

0 0 0 0 0 0 0 1 0 1 1 l 0 1 0 

0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 -Pure do loci te 

0 1 0 1 1 1 0 includea. as a 
0 1 1 0 0 1 0 1 sta.Ylda.rd 
0 0 0 1 1 0 0 1 0 1 0 0 0 1 0 

0 0 0 0 0 1 0 1 0 1 1 1 0 1 1 

0 0 0 1 1 1 1 1 0 1 0 l l 1 l 

0 1 1 0 0 1 l l 0 1 0 1 1 l 0 

0 0 0 l 1 l 0 l 0 1 0 0 0 1 , 
• 

' 
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Fig. 6.14 ESR spectra of sample no 125 II 1tstratlng an Fe; spectrum(found In I I lite) at approximately 20000 
and free spin features at approximately 3400G. 
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2+ Fig. 6.15 ESR spectra of sample no 300 I llustratlng e six-peek Mn spectrum(dolomlte structure) . 
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spectra are well documen ted in the liter~rtu:re (Ghosh et al., 1970; 

Schindler and Ghose, 1970; Wilderman, 1970; Low ·and Zeire, 1$72) • 

.Although the presence of F93+ ions is blmm to produce dipole broadening 

effects that oblit erate weak: m/+ signals (Wildeman, 1970), the majority 

of sh?.10 samples s how strong Hn2+ spect::':.'a with Fe3+ formi."lg the backe;round. 

(Fig. 6 .17). The free spin f eatlli:-es bear some resemblance to room 

temperature ESR s p 0 ctra of certain clay minerals (Friedlander et a.l., 

1963; Wauchope &i d Haque, 1971; Boesman a11d Schoemaker, 1961; Angel and 

Hall, 1972; H.a.11 ,~ ·- al., 1973). These features ca.'1 he seen in Fig. 6.18, 

species A, B c.r:d ·> correspondine to a paramagnetic centre in illite 

(probably Fe3+) an·.:i species C to a Cr3+ ion~ .An e:r.:a.rrd.nation of a variety 

of carbonates, s ,.l:phates and clay minerals by E3R (Apper.dix 5), supported 

these conclusions. Samples of kaolinite, dickite, halloysite, vermiculite, 

illite, montmorillonite, strontionite, rhodochrosite, barytes, celestine 

and arL'l-iydri te were obtained from Dr. R. J. King of the Department of Geology, 

Leicester University and run under the same experimental conditions as tha 

shale samples. The ESR spectra sho~•red that only the illite and 

montmorillonite specimens produced the free spin featur~s described above. 

As montmorilloni te is found in few shale s2.!!lples a:r.d then only in mL"lor 

quantities (Chapter 3), it was concluded that illite provided the free spin 

spectra detected. 

The E3R. s_pcctra also indicate that the only structui·P.l sets 

occupied by !·1!12+ is in the lattic?. of cerbonate minerals substit•.'!.tin3 for 

Ca2+ and is not associated with the clay mine:::-als. This ~uppo~ts the 

conclusions drawn concern inc t:i1e environment of dPposi tion of calcareous 

shales inf erred from the stratigraphic distribution of Mn. The ccndi tions 

indicated by the Sr distribution must therefore be treated with scepticism. 

The re~ainder of this chapter concentrat~s on a statistical analysis 

of the ESR spect r a and a verification of the geocheuical and oil1er~0Jical 

classifications pr eviously developed.. For such a study, the uncertain 
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2-t Fig. 6.17 ESR spect3~ of sample no 238 I I lustratlng a Mn spectrum Ccalclte struc2~re) and freo spin faature 
with a background Fe spectrum manifested In the gradual downwards drift of the Mn spect,·um towards the higher field valu~s. 
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nature of t lle s p e cies ca.u sing ESR absorptic.ns is not a m2.jor obstacle as 

precise identif ication of each spec5.es is um1eccssary for classification 

p1 :poses. 

AU ALYS IS OF TH2! ::SR SF~CTR..~L DA'fl A 

The accumulation of a large nu..rnber of ESR spectra. made visual 

comparison of spectral characteristics difficult. Consequently, these 

che.racteristics ( pr esence or absence of a sicnal and relative intensity 

values) were coded (Tables 6.1 and 6.2) a.11d compared using a. computer 

method developed for taxonomic classification (Solca.1 and Sneath, 1963). 

The computer pr ograms (ITBllTOHT and IT:IDfCLST) calculate similarities 

between the s&:ipl e s u sing the simple matching coef!'icie:it (SH) and then 

clunter t he simil a:ri ty values using an unweie-1ted avera.se lirhg-e r.t~ti1od 

(Sokal and Sneath, 1963). The similarit-y matrix can be seen in TP.ble .S.3 

and the resu~ ting hierarchical classification (dendroeram) is illustr2.ted 

in Fig. 6.19. 

The computer classification shows that the shale samples form four 
I 

groups: A-D. However, this classification is still empirical as it is 

based solely on similaritie s between samples. To assess the geological 

significance of these e;roups, e., direct comparison with the ninereJ.ocical 

classification was attempted. This clasEi.ficati9n ( Chapter 3) yielded a 

seven-fold subdivision of the shale samples having a two-space distribution 

sho,m in :b,ig. 3.14. This figure also s:iows the primary original variables 

which have been superimposed on this distribution to indicate the 

mineralo3ical n ature of each .3Toup. In this classification therefore, the 

geolo~·ica l significance of e2ch group is lmown. Col".parison ~f chnle s~mples 

containGd in ESR groups A-D with t~oir position in the mineralocic~l zrcurs 

A-H is summarised in Table 6.4. This Te.ble combined with Fig. 3.14 

indicates tne geolo3ica l na. ture of the four ES.a groups. As ~ up C 
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TABLE 6 .. 

!3-0ectra of shale saDY)]~ (Key for the ch2ractera Cf.!l ba 

£ound in Table 6.1) 

CHAIU.CTER TOTALS PERCE11T AGE 

ABSENT PRESE.1qT ABSE:11T PRESEl~ . 
' 

(o) (1) (o) (1) 

1 45 9 a3.3 16.7 

2 48 6 88.9 11.1 

3 27 27 50.0 50.0 

4 29 25 53.7 46.3 

5 49 5 90.7 9.5 

6 49 5 90,7 9.3 

7 19 35 35.2 64.a 

8 48 6 88.9 11.1 

·9 3 51 5.6 94.4 

10 54 0 100.0 o.o 
11 2 52 3.7 • 96.3 

12 43 11 79.6 20.4 

13 12 42 22.2 77.a 

14 26 28 4a.1 51.9 

15 2 52 3.7 96.3 

16 39 15 72.2 27.a 



TABLE 6.1 ....... 

SAHPLE 
NOo 

213 
235 
272 
243 

27 
290 
161 

81 
173 
244 
125 
184 
298 
157 

28 
69 

168 
5 

16 
24 

155 
46 
94 
36 

105 
209 
262 
251 
137 
135 
208 
109 
110 
122 
234 
160 
186 
238 
227 
187 

23 
163 
194 

48 
2Q . 

·281 
82 
70 

633 
300 
249 
200 
500 
45 

en.J..•('1• OC" ,:n ra11r;::> 0 +o Q 
l, __ . -u .L ••• ,. - -~• 1 

HATRIX 

9 
99 
·999 
9989 
99889 
666769 
6667699 
666769_,_') 
666769999 
6667695·:;99 
776669s 999 
666678c,o8899 
5556580888879 
77686888887669 
6667685388887799 
6655666666785789 
66667777778868899 
666677777788688999 
7766688888886898999 
77666668888868989999 
776668888888689899999 
8877877777886878886889 
66667666666755687766679 
666676666667556877666799 
6666766666675568776667999 
66667666666755687766679999 

• 666676666667556877666799999 
6666766666675568776667999999 
66667666666755687766679999999 
776666666676566766777699999999 
7766666666765667667776999999999 
7766666h667656676677769999999999 
776666666676566766777699999999999 
7766666666765667667776999999999999 
77666666667656676677769999999999999 . 
776666666676566766777699999999999999 
6676666666665566666666888888899999999 
66766666666655666666668888088999999999 
667666666666556666666688888889999999999 
6676666666665566666666886888899999999999 
66556555556646688877769999999888888888889 
66565ssasa7667s7667776aasasaassassssasse79 
6656588888766787667776888860888888888b88799 
6667677777666676566l6686886BS999999986386999 
6667677777666676666666868888399999996888899?? 
66676777776666766666668863883)959999886889999~ 
7766682S88886788888868C88838SUS88888866876d8889 
665556666676,7685388868888288Bda38H&88888B88o839 
33334555)56G6345555555444444433333333333333333539 
5555677777aaa566776667G6666GG5555555555555555555s9 
665566G6667aa667ss777s6666666666666655556665557679~ 
66665G666665s665556665555555566666666666566666555 ~7~ 
66536555556645455555564444444333333333;33333335375529 
6655666666705767887776555555555)555544446554 .1G~;G6~;379 
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TABLE 6.4, 

E 
s 
R 

.G 
R 
0 
u 
p 
s 

A comparison of' the· position of samplas L"l ES~ GEG'J.PS A-D 

with their position \./i tri . .in t~e mineralog~cal classification 

·(e.g. of the 5 samples constituting group D in the ESR 

cla,ssificatior!, 4 were classifi 9d in group E of the X-ray 

dj_ff::-a~tion classification &'1~ 1 in group B). 

X-RAY DI?FRAC'.i'IO r GR01:PC 

A B C D E G H Standards 

A 2 2 2 

B 1 4 13 2 

C 2 13 1 1 

D 1 4 

• 
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consists predomina..-.,.t l y c f shales wi t bin -;;he rninm ... £t:i.oeical groups A, J? and 

c, al"ld exarr.in:LP-g Fig. 3 .14, it is e.p1=-arent that mineraio0i~tl groups A, B 

and C have high quartz values. Group C samples therefore, mnst be 

predomina..l'ltly (lUa.rtz rich. Sindlarly, ESR group A samples are predominantly 

dolomitic anc~ G..coups B an(: :0 s s.mples a:re high in calcite. The distinction 

betueen g-..coups B a-rid D a.ri ses from different site symmetries .for Hn2+ L11 . 
' 

these shales. 

As the miner alogic2J. classification is, obviously, based on 

mineralogical da t a , the groups derived from this a.."'lalysis must represent 

geologically m ani ngful subdivisions of the shale sample collection. As 

the ESR and mi er a l ogical groups correspond, it is a.lso probable tha.t the 

parameters cont r olli nB' these groups are equivalent. This assum1>tion is 

sup:9orted by a plot of the samples in the four ESR groups against 

stratigraphica l pos ition (Fig. 6.20) which is very similP-r to equivale:rts 

for the ntiner aJ.ogica i and classifications ancl indicates major 

breaks just below the base of the Permian, at the \-!abauns~e-Shawnee 

bounda.ry, at the top of the Dou;-las and the base of the Lansing, produ.c5.ng 

a five-fold division of the stratigraphical column. Th~ Pleasanton and 

Kansas City (Lower and Middle) Groups axe characterized by alterne.tionc.; of 

samples all four clusters. The Upper Kansas City, Lansing ?nd lower 

Douglas Groups only contain sa .. l:lples of group C indicatine elastic deposition 

throughout this period. Tne succeedinz Upper Douglas and the S~a.wnee Groups 

consist of group B and occasionally e;roup C samples, reflecting the 

general calcareous nature of the sediments. Samples in the lower ~-te.bauneee 

Group region are also exclusi,rely frcn_ clusters E and C. However, they are 

developed in different proportim1s to the Sr.r.wnee indice.ting e higher 

detri tal content for the beds. The Permian a..vid Uppar Wabauns€c she.le 

sari1ples fall into all four categories i-Tith A, D and B predorr.ins.tin~. Here 

is furthP.r suppor t for the hypothesis that the Pe1,nian/F<'•"Jnsylvnnian 

boundary marks a ~ha"ci.~e in sedimentological con:litions fro r.1 -~~e clas·t ic 
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deposition of the Upper Pe~sylv~mian to -tne carbonate-evaporite deposits 

of the Permian era. 

Oscillations in the ESH. properties of stratigraphic units were 

visible in the Shawnee and Wabaunsee. :Io:.rever, the variation was not 

significant and to extract further information about possible cyclic 

sedimentation , it was considered necessary to quantify the ESR spectra and 

repeat the s tatistical assessment. P..atios of H .. 11, Fe and free spin feature 

peak heights we:r·e u sed to classify the spectra (Table 6.5) but note that 

the free spin species E (Fig . 6.21) is a combination of species B and C 

and was only -: ntroduced to provide clarity in the distinction between f:::ee 

spin feature s c 

A s ta2: darcl cla s s ification :procedure, principle components 2.nalysis, 

cluster analysis and rnul tiple discriminant analysis, was adopted for the 

statis~ical analysis of the ESrt spectra. Seven significant components 

were detected (i.e., the eieenvalue > 1.0 Table 6.6) and the influence of 

the variables on these components is illustrated in Fig. 6.22. The 

significant variables on each component remain consistent even though 

varima.x and proma.x rote.tions (lie. 6.23) are performed.• 

On the first component, the presence or absence of free spin 

features B, c a-rid E are most significallt, reflecting the abundance of free 

spin species in the samples. As these species have been shown to be 

related to t_1a presence of clay ru.nerals, this component m2.y rep:-escmt a 

clay nineral inficator. Coo~onent 2 reveals that the ratio of En to free 
..L 

spin features or in eeologica1 ter::1s, the carbonate to clay minerals 

ratio, is significant. Th~se are the only two coTJponents having any 

interpretable geological meanine; the remainder simply indicate the 

significance of other ratios. 

':Lihe component scores of the samples on these seven components are 

clustered usin.~ a d.isti1nce coefficient p:roducing a dendroaram L"l which a 

maximum of ten groups can be detected (Fig. 6.24). Group discreteness is 
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TABLE 6.5 Presence/absence a.'Yld ratio variables used to classify ESR 

spectra. 

For Code 1:-

Ve.riable 1. I:rL~ pre ser. t. 

2. MnB present. 

HnC present. 

Fe3+ present. 

Free spin species A present. 

:Free spin species B present. 

:Free spin species C present. 

18. Free spin species E present. 

19. J.i"'ree spin species E pea.1< -greater than other free sp~ 
• 

feature peaks. 

20. :Free spin species E develops a subsidiary peak. 

Alternatives coded o. 

Numerical values of peak heie;ht ratios. 

Variable 8. Mn p~ak height/free spin species A peak height. 

9. !1n/B 

10. 11:n/c 

11. Mn/D 

120 Mn/E 

13. A/D 

B/D 

15. c/n 
16. E/D 

17. Mn/Fe3+ 

21. A/C 

22. B/C 

23. A/r, 

N.:e. Free spin species D is present in o.J.l E ::r.ples. 
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TABLE 6.6 Principal. components lo1.1.din0s -ror ES_? spectral data 

Components Communality 
1 2 3 4 5 6 7 

1 0.08 -0.-13 o.68 -Oe14 0~47 0.24 -0.06 0.79 
2 0.53 -0.02 -0.42 -0.26 -0.35 -0.39 -0.·15 0.81 
3 -0.15 0.03 -0.04 0.30 -0.13 0.46 0.67 0.80 
4 -0.05 -0.4-0 -0.20 0.36 0.30 -0.29 0.09 0.51 

V 5 0.30 -0.24 -0.37 0.64 -0.27 0.08 _ -0.26 0.83 A 
R 6 0.91 -0.20 0.14 -0.14 -0.11 -0.10 0.10 0.94 l 
A 7 0.92 -0.23 0.10 -0.17 -0.12 -0.07 0.05 0.96 B 
L 8 0 .. 1 .. a 0.63 -0.32 -0.03 0.30 -0.14 0.06 0 .8Jf-E 

9 0.55 0.62 -0.37 -0.01 0.32 -0.02 0.09 0.94 
10 0.52 0.48 -0.29 -0,.13 0.07 0.32 -0.12 o. 73 11 o.~-9 0.61 -0.29 -o.~6 0.28 0.03 -o.oo 0.78 12 0.11,. -0.62 -0.35 -0.33 0.30 o.·1 s -0.09 0.76 13 0.28 -0.28 0.02 0.45 0.59 0.02 0.01., o. 70 
14 0.52 -0.06 0.57 0.20 0.22 o.oa -0.32 0.80 
15 0.53· 0.17 0.18 0.31+ 0.36 -0.30 0.13 0.70 

r\) 
CX> • . _. 
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TABLE 6.6 (continued) 

Compo11ents Communality 

1 2 3 4 5 6 7 
16 -0.51 0.30 0.31 -0.58 0.25 -0 .13 0.16 0.89 

V ·17 0.41 0.32 -0.05 -0.13 -0.16 0.62 -0.13 o. 71 A 
R 18 -0.77 -0.24 -0.37 -0.09 0.31 0.15 -0.09 0.92 . I 
A 19 
B 

-0.69 0.26 0.04 -0.22 0.11 -0.16 -0.23 0.69 
L 20 -0.26 -0.36 -0.54 -0.07 0.32 0.22 -0.32 0.74 E 

21 0.62 -0.55 -0.16 -0.37 0.09 o.oo 0.12 0.87 
22 0.73 -0.22 0.1 .. 1 -0.11 -0.09 0.13 -0.22 0.83 
23 0.33 -0.56 -0.24 -0.34 0.10 0.01 0.37 0.75 

Eigenvalue 6.34 3.32 2.51 1 .93 1. 75 1 .28 1 .12 

• 

... . 
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tested by performing a multiple discriminant analysis on the component 

scores of sample8 in groups A-H. Six significant discriminant axes are 

postulated uith the relative contribution of each component to each 

discrir.rinant axis as illustrated in i?ig. 6.25. As the first discriminant 

axis h e.s component 1 as t he r:;os·~ si.:;nifica.rit contributor 81d the second 

discriminant axis has component 2 as the most si@!ificant contributor, 

both discriminant f unctions may be interpreted geologically and as these 

two discriminant f unctions contribute 77 .9% of the discrimnatfa1g power, e. 

plot of the distri bution of the groups within the two-space defined by 

these axes (Fig. 6. 26) will indicate the geological relationships between 

the ten groups. However, it can be seen that some groups overb.:p and are 

not truly discrete. Overlapping groups can therefore be col!!bined to form 

the following classification; groups A and B, groups C and D, groups E • 
and J and groups F and G form four distinct combinations with groups I and 

H (individual samples only) existing as separate entities. These shale 

groups can then be interpreted as: 

1. A elastic shale group (groups A and B) 

2. a calcareous shale group (groups F and G) 2 - 4 with an 

3. a calcareous she.1.e group (groups E and J) increasing carbonate-

4. a calcareous shale group (groups C and D) illite ratio 

However, this new sample distribution provides no · further information on 

cyclici ty in the sediments. A plot of the discriminant ar-alysis groups 

against stratigraphy (Fig. 6.27) shows the sru;ie basic features as the 

pres~nce/absence data and it ce.n theref~re be inferred that the underlying 

principles involved in this study must apply as much to a numerical 

characterization of the ESR s:pectra as to sil!lple presence/abse:nce data.. 

CONCLUSIONS 

Al though ele ctron spin resonance has been e~ployed widely in 

geological .fields ( see Ap}Jeno.ix 2), the t echnique has been mair.ly applied 
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by phys~_cists en d chemists to geological ri!aterial. Consequently, the 

potential of ESn as a eeological tool it~ 2J..r::ost U.."llmown. The theoretical 

and instrumental aspects of the technique have therefore been discussed in 

detail an.cl from a geological point of view the prinary function of the 

technique is to d e:tect certain ionic species in rocks and minerals and to 

define the structur~l sites of these ions. As a speedy, non-destructive, 
.. 

highly ser.si t ive instrumental tecr.ir1ique applicable to nearly So% of all the 

ions in the periodic table, ESR can be uaed to supply supplementary 

information for t he interpretatior. of shale geochemistry. A classification 

of the Upper Penns ylvanian and lower Permian shales samples based on ESR 

detection of I'!linor impurities in mineral constituents, has been developed 

which shows similarity to the mineralogical and geochemical classifications 

of Chapters 3 nnd 5. The classification produced from presence/absence 

spectral data has £hovm that the shales can be divided into four groups:-

a detrital shale group, a dolomitic shale eroup and two calcite-ri~h s~·wJ.e 

groups. The distribution of these shale g-.coups (Fig. 6.24) revealed five 

subdivisions in the stratigraphy. 

1. A Pleasanton and Kansas City Group division 
I 

2. A Lansing and Lower D0uglas division 

3, An Upper Douglas and Sha,mee division 

4. A Wabaunsee division 

5. A Perr:1ip..n division consisting of the Admire, Council Grove a.11d 

Chase Groups. 

The differences between the sections reflect basic ch~.nges in 

sedimentary depositional cor:.di tions, of which the rnoot noticeable occurs c.t 

the base of the Permian where tne detrital/calcareoi.!s shale sequence of t:ie 

Upper Pennsylvanian is succeeded by tr:~ carbonate-eva_porite envirolllilent 

of the Perrnic;1.n. The n•.unerical che.ract~rizat."'.on ~nd analysis of spectral 

data has provided simil~.r results to the prese:nceiabsence data. 

Finally, :ESR spec-tro. of Upper Pennc-ylvanian and l<n er Pe_ ian s!laleo 

. 
' 
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t ' · h .1.. J .. 2+ • • • l ·.1..h l . have indica e1 c.. lJ .-m 1s asso~ia:tec -...,.1" . car 10;.iate rr.n:e-ral~ r~::!;~er 

than clay minerals. f_chis supports conclusior..s dra.,m in Cha.pt.er 4 

concerning the environment of deposition of calcareous shtles, namely 

that the S'havmee, Upp e:r \ ·abnunsee and Admire Groups probably represent 

periods of dee p w~~t er s€dinentation and the }~c.llSP.s City Group, a period 

of shallow water deposition. 

• 

I 
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Il~R0i>UCTI0~T 

Statistical analysis of mineraloeical data from the Upper 

Pennsylvanian al'ld Lower Permian shales has reYealed mineralo[3'ical 

associations that mapped against depth i:Ildicate a number of stratigraphic 

zones ( Chapter 2). Sit1ila.rly, analysis of geochemical results from the 

same shales has pr oduced a number of geochemical associations that also 

indicate strat i graphic zones (Chapters 4 a'1d 5). Eowever, these 

mineralogical an e eochemical zones do not coincide throughout the 

stratigraph i c co1 u.nn. It is ther~fore to clarify the s+.ratigraphic 

di-visions and als o the relationships bet~·reen geochemical and mir.eralogics.l 

variables, t hat a statistical analysis of the combined raineralogical and 

geochemical data was performed. A useful bi.product of the analysis will be 

fill increased understanding of the relationship bet\·1een mineralogice.l and 

geochemical cycles noted in Upper Pennsylvanian and !A>wer Permian shs.les. 

The statistical procedures adopted were those applied in previous 

chapters - cluster analysis, principal components analysis and multiple 

discriminant analysis, and are described in Appendix 1 • • 

C0R...'J:IBLAT101TS 

The initial step in the multi variate analysis procedure is t!ie 

calculation of a correlation matrix between all geochemical and mineralogical 

varic1,bles. The correlations between individual geochemical variables ca'l 

be found in Table 5 .1 and for roineralo[,icel variebles in Table 3.5. The 

correlations be~ween mineralogical and geochemical variables are ~iven in 

Table 7 .1 and a number of inferred relationships a1:e confirmed. 

Al2o
3 

shows high correlations uith quartz, feldspar and the cley 

minerals reflecting concentrations of Al2o3 in felds:,ar and the clay 

minerals. Simil2rly, Si02 has hi0h correlations with the silicate minerals. 

Cao on the other hruid, has hieh correlationn with the carbonate mineral!:, 
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TAJ3LE Ll .. Go:r-relations between geochemical and rninere,locictl variables 

PA = Peak Area; PH - Peak Height - :, ' 

QUARTZ CALCITE FELDSPAR DOLONITE KA0LLiITE ILLITE CHLORITE 
PA PA PA PA PH PH Pi! . 

' 
AJ.2°3% Oo30 ... 0.65 0.29 -0.36 0.48 0.70 0.67 
Ca~~ -0.67 0.85 -0.35 0.27 -0.44 -0.67 -0.60 

cf e1o -0.02 -0.42 0.10 -0.03 0.33 0.39 0.27 

K20% -0.18 -0.31 0.04 -0.24 0.29 0.48 0~45 
MgO;i -0.38 0.06 0.26 0.59 -0.27 -0.34 -0.29 
Si02% 0.85 -0.73 0.30 -0.31 0.31 0.48 0.43 
Mn/Fe -0.38 0.53 -0.19 0.31 -0.32 -0.42 -0.46 
HnO ppm -0.32 0.31 -0.10 0.31 -0.22 -0.27 -0.32 
Ag ppm 0.16 o.oo -0.05 .. 0.03 -0.16 -0.2·1 -0.21 

Ba ppm 0.20 -0.36 0.13 -0.17 0.19 0.34 0.35 
Be ppm -0.23 0.03 0.02 0.01 0.05 0.03 o.oa 
13i ppm -0.54 0.57 -0.30 0.13 -0.23 -0.38 -0.42 

Cd ppm 0.21 -0.21 0.06 -0.12 0.02 0.06 -0.01 

Co ppm 0.29 o.b6 0.01 -0.04 -0.03 -0.07 -0.26 

Cr ppm 0.04 -0.16 0.01 -0.08 -0.04 0.02 0.04 

Cu ppm 0.01 -.0.23 0.03 -0.14 o.os • 0.14 0.16 •• 

Ga ppm 0.13 -0.56 0.18 -0.35 0.51 0.71 0.69 

Ge ppm -0.51 0.63 -0.30 o.os -0.22 -0.37 -0.42 

Li ppm -0.36 0.12 -0.19 -0.07 0.22 0.23 0.27 

l1o ppm -0.13 0.16 -0.13 0.01 -0.1; -0.19 -0.24 

Ni ppm -0.05 -0.15 0.03 -0.09 ~o.oo o.oa 0.05 

Pb ppm -0.01 -0.17 0.03 -0.04 -0.02 0.05 0.01 

Sn ppm -0.13 0.28 -0.22 0.35 -0.24 -0.31 -0.33 

Sr ppm -0.43 0.54 -0.28 0.20 -0.31 -0.41 -0.43 

V ppm 0.07 -0.16 0.01 -0.07 -0.01 0.02 o.oo 
Zn ppm 0.17 -0.44 0.14 -0.21 0.21 0.34 0.28 

Zr ppm 0.65 -0.24 0.27 -0.14 o.o~ 0.16 -0.07 
~WL% -0.26 0.12 -0.24 0.06 -0.19 -0.23 -0.13 

* Fe,-~a. = To-'cal Fe oxides ~:,; WL~; = Fercentll~e wei_:ht lo~s on ieni tion 

( = Heat Loss in previous che.pters )~; 
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calcite and dolomite. HgO is correl&ted with dolorrite ~.nd feldspar as 

both minerals conta,j_n Hg. K2o and Fe oxides are co:;:-relat&d with tne clll.y 

m.i.nerals and. are .most likely found in the lat~ices either as prim?.ry 

constituents or as substituting ions. 

l1n0 and Hn/Fe are correl::,ted with calcite ar.d dolomite 

reflecting the a ssociation of 1-'in with carbonates. 3a en ";he other ha.,d, 

is correlated with illite ancl chlorite, al'l indi0ation of possible 

substitution in t he two miner&ls. Bi is positively aesociated with the 

carbonate miner al ~ as are Ge, Sn e..nd Sr. Co and Zr fom an association 

with quartz and fe ldspar as both are often deposited as ,:letrital elecen-ts. 

GalliUJ:l has a hiGh correlation with each of the claJr minerals. The 

remaininO' eler.'?ents , Ag, Be, Cd, Cr, Cu, Li, Mo, i;i, Pb, V and Z.Tl have no 

significant correlations. 

PRIHC!PAL COI', rPOH~l:TS AHALYS!.§. 

Using the correlation table described above, an R-mode principal 

components analysis produced nine significant components which together 

account for 79.9% of the total variance in the data set (Table 7.2). 

Loadings of the variables on the components are shown in Fig. 7 .1 and a 

familiar patte~ emerges. 

Component 1:-

The high loadings of Cao, calcite, Ge, Sr, Bi, Sn, NnO, 1:J1/Fe 

and dolomite su3•gest that this com-ponent should be designated a carbonate 

component. The positive loadings of these elements, oxides ru.d mineral~ ~.re 

0 db h • h t· 1 d. "Al O G Si"C 1·111·te ",...,o.,..-rt~ ,~ .... , pyoi:,e y 1f ne1a ·ive oa ings 01 2 3, e., '2' · , ... .. __ ... -, -·• 

quartz and K
2
o, clearly indico.ting a detrital phase antipatnstice.lly 

related to a carbonate rraction. 

This component shows a close correspondence to the 1irst eeo-

chemica.1. ccmp(ment determined ~n Chapter 5 rmc1 it will b app:u-ent hen tl 



,TABLE 1~£ • Eigenvalue.3 oi' t bs ce:i-apone::-its 8::tr2,ctetl (i.e. 

eiE.;envalt~es > l.C). 

COI-'.IPONZNT EIGEi}T ALUE CUNIJLAT·DG V)2.I/a.YC~ (~) 

l 9~91 2a.3 

2 6.09 45.7 .,, 

3 3~67 56.2 

4 2.03 62.0 

5 1.72 66.9 

. 6 1.26 70.5 

7 1.14 73.a 

8 1.12 77.0 

9 1.02 79~9 

• 
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other compo:cient s are di s cus sed, that the €,·eociwmical v~iab~es control 

most of the components. 

Followi::.-ig the proced".12'es establish:?d in Chapters 3 and 5 a pror.;~x 

rotation of the principaJ. components was performed. However, the 

algorithm eflployed in this prosram (Appendix 1) recreates the component 

axes a..-ria. in doi.n g so only eight compone:r.:!;s were developed. Components 1 

to 6 matched t he .R-rnode principal components of Fig. 7.1 but the other two 

differed slightly. Consequently, only the first six pro max rotai;ed axes 

are illustrated i n Fie. 7o2. 

The ca r bc,n ate/detrital fraction a..T'ltipathy is also noted in the pror:-18.X 

rotation. St r atigraphic va.rietion i."11 COI!lpon8nt scores (?ig. 7.3) indicates 

that the Plea s a..11.ton, Lower Ka.'11.sas City, Lansing, Shawnee, C-nase, Council 

Grove and Admire Groups have a predominance of calcareous shales, where:a.s 

the intervenin6• beds a.re generally detrital in nature. 

Component 2:-

This component has high positive loadings for Cr, Cu, r-;o, Pb, Iii, V, 

Cd, Zn, Be and weight loss representing an enrichment of trace elements in 

the reducing conditions of orga..~ic-rich black shales. Component scores 

are high in the Kansas City G:roup a.T'ld Shawnee Group black shales (Fie-. 7. 3) 

and low for all other deposits. 

Component 3: -

This component has positive Li, K20, Ga, Fe oxides loadings oypooed 

by quartz, Zr, Co, Arr, and Si02• ~O in the form of K+, and Ga a.re 

normally fou."1d as ions within clay :cd.T1eral l:1,ttic~s. Sinilarly, Jc oxides 

and Li are cha."t'acteristic of clay r:dnera.ls. The negative loadin:s of 

detrital components add support to. the notion thr,t thin axis ia e~se·1tj~lly 

a clay mineral component. On rotation, the clay ninerals are pos.t;ive.ly 

loadod with A1
2
o

3 
and Ga whereas neeative loHtiin~s are recorded for Co, 
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J 
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• 
2:- For component 3:-

1 = Mg 
2 = MF 

4 = Co,Cu and Pb 
5 = V 
6 = Cr 
7 = Ni 

Fig. 7.2 Loadings on promax axes. 
indicated. 

+ Only those loadings>- 0.5 are 
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CaO, Ag and qua.rt~. Component sco~es, shown in Fig. 7. 3 indicate high 

positive scores on shales with high clay mneral content (Fig. 3.7) and 

negative scores on sha.le~ with a high detrital quartz fraction (Fig. 3.5). 

Therefore, there appears to be an antipathic relationship bet,·reen the clay 

ni!leral and quartz content i r G:1ales. The neca:t ive lcadi ~1:s o: Ce.O 

on rotation also indicate that a carbonate-clay mineral relationship 

replaces the quartz-clay mineral antipathy in some shales. T1.a.is is most 

noticeable in the Permian shales where scores do not increase when the 

quartz fractio of shales decreases. low scores are recorded in the 

Douglas Group (Tonganoxie Sandstone) and the Sha,-mee Group (Stull and 

Doniphan Shales ), whereas high scores a.re noted in the Lansing (Vilas Shale), 

Shawnee ( Ca l hoUR Shale) , Wabaunsee ( h'h.im Cloud Shale) and Chase Groups 

(Havensville Shale) • 
• 

Component 4:-
High positive loadinf!s for MgO and dolomite ere opposed by 

negative loadings for Co, Ge, Li, aYJ.d Bi. On rot2.tion, calcite becomes 

positively loaded and Sn and Be become negatively 102.ded. Together with a 

positive correlati~n of 0.18 with promax factor 1 (Table 7.3), this 

indicates that the coEponent controls the occurrence of dolomite in the 

samples. Component scores (Fig. 7.4) show high values for dolomite-rich 

shales (Fig. 3. 6) i.e. Heebner Shale ( Shawnee Group),_ Havensville Shale, 

Stearns Shtle, Paddock Shale ( Chase Group) and shale partings in the 

Winterset limestone (Kansas City G!'.'oup), Plattsbu:-g Limestone (Lansing 

"'. Group) , Spring Branch Lime stone ( Sh2.m1ee Group) and Grandhaven Limestone 

(Wabaunsee Group). Low scores are recorded for the Tonanoxie Sandstone 

(Douglas Group), Speiser Shale, Salem Point ·shale and rfug.1-ies Creek She.le 

(Council Grove Group) sanples with low- :r~ enci dolomite values. 
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TA.3LFi..i Ccrrel[l,tions 11-e-b·reen nror.1ex factors 

l ---- ·- ---
.. 

I 

l'B.Q.!:_tAX FAC~C~lS 

1 2 3 4 5 6 
. 
' 

1 l.00 , 

2 -0.01 1.00 

3 -0.12 -0.11 1.00· 

4 0.18 0.06 -0.03 1.00 

5 -0.11 -0.02 -0.01 -0.19 1.00 

6 0.08 -0.06 -0.20 -0.05 0.06 1.00 

• 
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Component 5:-

'i1his component has hiB"h positive loadir..gs for HnO, Fe oxides, 

Nn/Fe .L • ra1,10, Co and Zr indicatine- an association with carbonates . 

However, t~e negative J.oadir.Bs of calcite i!ldicate that this component 

may reflec~ ch er!lica l rather than mineralo~ical control. 

HnO and Fe oxides are often concentl•ated in deep sea sediments 

where reducinc- ccnditions enable r.iangal'!ese nodules to develop. In marine 

waters, on the other hand, I·fu is predominantly found substituting for Ca 

in ~he lattices of carbonates. However, Hn is not found extensively in 

shallow aragoni t e-rich sediments such as the carbonates of the Persian 

Gulf. As Kansas sediments during the Upper Pennsylvanian and Lower 

Permian were deposited in a shallow epeiric sea., it w0uld be expected the.t 

aragonite would be deposited at the edge of the sea and calcite away from 

the shore. The reducing conditions commonly f our.d in epeiric seas would 

aid the enrichrlent of I1n in the deeper sediments. Subsequent diagenetic 

alteration of aragoni te to calcite may account for the differing amounts of 

J.1n0 found in carbonates of the Upper Pennsylvanian and I:ower Permian 

shales ( Chapter 4). The negative loading of calcite c2.1--f also be 

interpreted as a reflection of the eragonite to calcite diagenetic 

alteration. 

Rotation of the component reveals a positive loading for calcite 
. 

and CaO indicating that the component was not truly bipolar. Uegative 

loadi~gs for HgO, Sn, dolomite and feldspar clarify the interpretation of 

the component loadings. It can tharefore be assumed that the cc?:1p0nent 

reflects relatively deep water ,:ersus sha.llow water depositional 

environments a..--id al:::o an antipathic relatfonship between dolomite and 

calcite. It may similarly reflect nearness to shorelir~e, as deep watei· 

sediraents are found furthest frora the coast. 

Component scores st1c~·.:;est tho.t lon!; period.s of shallow water 

sedimentation al tern.ate with deeyer water sedimentation. Super ed 
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upon this oscillg,ti0!! are sho1·t time-scale fluctuation::;. T.he component 

scores ge!ierally in.cxease froEi the Ple~santnn to a pea~ in the Laneine 

Group, decrease tI"iroue-h the 1'.ouglas to the centre of the Sha,mee, ris'-1 

again to the middle of t i:e Wabaunsee, decrease through the Council Grove 

Group and. finally begin to rise again through the Chv,se Group. T'nerefore, 

there ere P.pparently three long-t!=:!'ffi oscilla.t::.ons in the depth of 

deposition for t he Upper Pennsyl.,ranian and Lower Femia.ti s112.les. The 

highest scor e s a::e recorded in the Plattsburg Limestone, Ca.J.houn Sha.le, 

Friedrich Sha l e > Silver L!lke Shale and Pony Creek Shale ·,,hereas the 

Galesbure; Sh::i.l e 9 1reva Limestone and Oketo Shale have the lm:est score:::. 

Component 6 : -

Hieh positive loadinzs of dolomite, Sn, Ae end Li are opposed by 

negative :!.oadina s for HnO and En/Fe ratio. On ::-ot~tion, th& hig.11 :pos:i.ti;re 

loadi:igs disappear but the J,fnO 211d :i·Tn/Fe neeatiYe loadings are 

accentuated. Additionally, Co develops a high neeative loadin:;. The 

component can, t!lerefore, be interpreted as a "manganese component". 

• 

Components 7, 8 and 9:-
Cornponent 7 is controlled by the unusual combiriP.tion of Bi, 

feldspar and Sn for which no explanation can be offered. Similarly, 

components 8 and. 9 are uninterpretable. Examining Table 7.2, it is 

appa.I'ent that these components only acco~t for 107; of the total data 

variance and are therefore relatively unimportant in controllin~ the 

mineraloaical and geocher!lical evolution of Kansas shales. They probably 

account for occasional extreme conditions - both exper.~.~1ental a.Yld orici..11s.l 

environmental conditions. 

Mineralo r:ical nncl c(1ochemical variation in Upp~:r Pemsylva..'l·an and 

Lower Permian shales ca.~ therefore be described by r.L,e conrponentc or hich 
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only six 9X'8 5.nterpreta.bl~. Sco:ces of ii-1d ividuaJ. sainples on the 

components s-u.bdi v:tde ·the s t .ratigraphic section into a number of zones. 

However, thes e zone s are not consisten·i; aci·oss all components and 1!12.Y in 

some case·s be cont;cadictor.r. 

CLUSTER MTALYSI S A!fD DISCRil-'iIN.AJ-TT ftJ!AT1YSIS 

.Another approach to the same problem can be followed using Q-oode 

cluster a~alys i s, a technique that examines relationships between samples 

rather than v ar iables. Using the scores on the nine components calculated 

above, similarity coefficients between samples are determined. A 

hierarchical classificati on (dendrogram) is developed from th0 similarity 

matrix (Fig . 7 .5) and produces a ten-fold division of the samples. It can 

be seen that almost of the shale samples fall into one group a..11d only 

one other tJrOUp contains .::nore than five sanples. It is unlikely that the 

remaining samples form eight natural groups a.11d a number are probably 

products of the clusterLTJ.g method. Therefore, followi.!lg t~e procedure 

established in previous chapters, the scores of the samples on the nine 
• 

significant components were analysed by multiple discriminant analysis to 

check the discreteness of the groups. F.:>ur discriminant axes were found to 

account for 86.9% of the data variation (Table 7.4) and the resulting 

distributions appear in ?ig. 7.6 and 7.7. It can be seen that theae 

axes successfully distinguish groups F, J and I, but all other groups 

_suffer some degree of overlap. It is therefore apparent that some of 

the clusters are not unique and require some modification. 

Along the first, second end third axes, groups C, :a end H overlap 

and are only d.istineuishable by sm.tll differences in the mangar4ase ar.d 

dolomite content. Similarly, clusters A, G and E are fotmd to be 

inseparable on all but the fourth discrimine.nt axis. Simplifyine; the 

sample classification, these groups oan be merged together to !om six 
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TABLE 7"4 

DI-SCRIHIILAllT 
:No. 

1 

2 

3 

4 

1 

2 

3 

4 

Di r crir.1fr1a.nt an.~.lysis results (only discrimina11.t axes 

with eigen-.."alues > 1.0 a.re included). 

1 

0.28 

o.as 

7 

-0.54 

0.10 

-0.23 

0.23 

CONTRIBUTIO:ii OF ii!ACH V ARiflIB TO 
DISCRil•ill:.A1ITS 

2 

-0"70 

0.31 

0.31 

0.05 

8 

-0.24 

-0.01 

-0.46 

-0.37 

3 

0.44 

-0.49 
0.27 

0.32 

9 

-0.30 

0.20 

-0.01 

0.12 

·4 5 

0.09 0.20 

0.23 0.79 

0.44 0.39 

0.52 -0.13 

% OF 
DI3C.IB-Ti:iJ:'r 

FOWER 

37.9 

22.5 

14.7 

11.3 

• 

6 

-0.06 

0.28 

-0.58 

o.68 

EIGE::V .ALu:8 

5.28 

3.14 

2.05 

1.57 
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distinct clu:.:; ters. 

In the case of group D, • we can see that it overlaps clusters A, 

G and E on the first and seoond discriminant axes but that ori t~1e tfl..irc. 

a.."lcl -the fourth~ it is distinct. Ex:amining diccriminant scores of 

individual samples, one of the SaIDJ)les in e;roup TI is found to have scores 

similar to group A samples. Simply reallocating this sample to e:ro11p A •, 

distine;uishes c roup D f1:om A, G and E by reducing the standard deviation 

of group D on tne first two discriminant axes. 

However, on examining- the origin.al data values, groups E, A and G 

are found to be distinctly different. Fo:!.' example, group E samples have 

la:r.:ge calcite values, whereas those in g-roup G have lar6e que.rtz values. 

Wi thL""l group A, some samples have a. high calcite content but n:ost have 

moderate calcite and quartz values. We can therefore split group A into 

two sections~ corresponding to the emphasis (scores) on the detrital/ 

carbonate component. Clusters R, B and C samples show very similar de.ta 

values, althoueh the values for sample 186 are closer to cluster A samples 

than to other H, B or C samples. Clusters F, I and J values are also 
• distinct. Consequently, there are now nine possible subdivisions of the 

Upper Pennsyl vania.n aTld Lower Permian shales based on mineralogical and 

geochemical differences: 

1. Cluster A, consisting of up to one third of the sa.I!lples and 

dominated by shales containin.g primarily quartz, f eldsp3.!' and clay minerals. 

2. A subdivision of cluster A (now referred to as clu.3ter X) th::i.t 

consists of sa.i~ples hiGh in carbon~te content. 

3. Cluster B with six sa:::-:ples that have hieh scores on cor.19onent -two 

and .are enriched in Be, Cd, C.t·, Cu, Ho, Ia, Pb, V and Z..11 trace eler:ients. 

Li tnologically t!lese snmplcs are bleclc shales. 

4. ClustGr D, containing only faro s~ple!l, clocely with 

cluster A. 

5. Cluster E consists 0.1. sa.riples '-'Tit!l very hi ~::i conc;entra.tions of calcite. 

I 
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6. Cluster F , contains those shales with a hieh dolomite content. 

7. Cluster G, conta ins s amples ··Tith hi5h quartz content, mtlnly 

sandstones and siltstoues. 

145. 

8 and 9. Two cl ~st ers, I and J, with a total of 7 extreme sar.rples 

frora all o f t :ie previous g.!:'oups. 'l1he si[,!1ifica"1ce of t hese last groups 

is in doubt. 

A stratigraphic plot of the distribution cf samples from the nine 

groups i s illu strated in Fig . 7 .a a.-rid a. similar pattern to both 

mineralogical and geochemical distributions is revealed (Table 7.5, Figs. 

3.17 and 5.a) ., A zonation of the stratigraphy is again in evidence and can 

be related to t he factors controlling the mineralogy and geochemistry of 

the sha l e s. The Pleasanton and Lower Kansas City Groups are characterized 

by a r egular alternation of calcareous shales, ( cluster E samples,. black • 
shales (B) and shales containing primarily qua.rtz, feldspar and clay 

minerals (A). This three component shale cycle is repeated four times at 

approximately 70 ft. intervals from the T:1.cket For!!lation to the Iola 

Limestone. Between each shale cycle, a series of cluster A Sal!lples occur. 

Occasionally, a carbonate shale also develops. 

The succeeding Upper Kansas City, Lansing and Douglas Groups contain 

predominantly samples from clusters A and G. The det;rital fraction of beds 

in this zone is large a.11d noticeably in the Douglas Group, manifests 

itself' in the development of a number of siltstones and sandstones. Shales: 

in theoe beds are also very rich in quartz, feldspar, zircons and detrital 

coba~t (as noted in the high negative scores on component 1). One 

calcareous bed noted in the Hickory Creek Shale, may represent a partially 

developed three component shale cycle. 

A zone de.f inetl by the boundaries of -the Shaimee Group contains en 

irregular collection of se..ru.ples. Two black shale saii:ples are fowid in the 

Heebner and Larsh a..1.d Burroak Shales but do not forl!l integral p~s of 

cycles as in t!1e PleEs.santon and Jnwer Kansas City zone. In this Eection, 
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TABLE 7.5. 

M 
I 
N 
E 
·R 
A 
L 
0 
G 
I 
C 
A 
L 

A 
N 
D 

G 
E 
0 
C 
H 
E 
M 
I 
C 
A 
L 

G 
R 
0 
u 

.P 
s 

D~stribution of shale sa.;~ples within the mineralogical, 

geochemical a.~d combined ~~n~ralosical and geoche~ical 

classifications. This indicates, for ex8l!lple, that of the 

69 samples that fell into cluster A of the classification 

determined in this chapter, 12 ,.,ere clustered L, group A of 

the mineralogical classification ( Chapter 3) 48 in group B, . 

,,, 6 in group D and 4 i..11 E. In the corresponding geocheIJ.ical 

classification ( Chapter 5) 68 fell into group A and 1 into D. 

IffilERAIOGICAL GROUPS 

A B C D E G H 

A 12 48 6 3 

B 3 3 

D 1 1 

E 2 11 

F 3 3 

G 1 3 1 

I 1 2 • 
J 2 2 

X 3 15 

GIDCHEIUCAL GROUPS 

A D F H I 

A 68 1 

B 6 

D 2 

E 6 2 3 2 

F 2 3 1 

G 5 

I 2 

J 4 

X 8 7 2 l 

\ 

I 
' ::: -: 

~r 



1, .. , 
t.t {. 

no regular :pe.+,tE-)rn cont nl ns 

sample distribu-t::.or:. In t he 3.hawnee ,- t nick ('hale 1.1,orma~ions .::: ~pa.rate fc,;r 

limestone Fo.r!!'.!l.tions containing in·t-:;rlea:ved thin shales (a. black 2:1ale 

after the s econd lime s tone b&cl (Hoore , 1949) i~ the most d.istinc·~iv~) .. 

The majori t y o.f s amples from the thick t;:!1ales, Jmown as cutsidt:. shales, 

are classifi ed i n clusters A and G but a few occur in cluster J. •~he 

shales wi tnin the line s t one for.r.ations, inside ;;hales, ha.ve 2 c-2rt~ir. 

irreeul s.r.l. ty. The first shale is normally frcm clust.er i\, al t~oueh one G 

sample wa s n c :..: e d , the s e cond is i;enerally from 0lu2tzr E, thG 11lac~~ 

cluster and the third, where develo9ed , is usually frc,m cluster A. 

Ho,.:ever , cal cc-.reous sh":?.l e s r e~l s ce tte second. c-~a t>ird s?l?. le:: on 

occasions . 'ihe Lower end Hiddle ~-.aba.unsee Gro:.i!J consis"ts alrost entire:ly 

of cluster A s a r'.lples and is quite simla.r to the tp:per ha:!zas Cit~-~ 

Lansing arid Dou~l a s zone but vi thout the thick sequences of sil tst0:,en 

and s ar~d.stone s e Only one s~.:uple, from t!:e Silver 121-::e Shale, ir. C£J.r.~«Jous. 

Finally, a zone of al ternatin3 calcareous ar.d detri tal s:1ales 

encompa sses the Up:pe!.' Wabaunsee, Ad.rtir9, Council Grove And Ch~se Grou;is. 

Generally, these samples are auch richer in both ca.lcite a.11c1 d·:>lomte than 

the Pennsyl variia.n indicatin(1' a di stir.ct change in the seC:imenta~r enYiro~me:it. 

The Pennsyl va.'1.:i.an/Permian boundary is therefore thousht t~ Inr?.l.'k e>. c~;,:n_r:e 

represent -~•. Io periods of osoilln.t .in:.; C!1Viror..ments. The co~diti~:r:~ 

prevalent in the Pleasanton and Kannc:.s City ~c:rv~, seer:: to recur in the 

Sha.wnee and simile..rly t.hos~ d;: -<,-elo!Jed in the UpJer la.,ss.s Cit·.- , ; , ... !".sing an11. 

Douglas zone a r e :.:-ep~atocJ. in t!'le 1,'abav.nsee. 

equival r::-i ,t i n t h.i c:·:1 e .s:.:i ar.d l)oss.ib:i.y tii:.e, it i-=: 

repre~9nt a ~ycl c of cycles. 
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C0NCLUSIOl•§. 

Mineralogical aT1d. geochemical data analysed in previous chapters 

have been combined and studied using multivariate statistical techniques. 

The variation found throughout t he Upper Pennsylv2.nian and Lower Permian 

shales of Kans a s can be explained in terms of nine components. Firstly, 

accounting f~r 28% of the data variance, is a component that describes the·, 

difference s between carbonate and detrital fractions of shale sanples. 

clay miner a l c< ntent, dolomite content, depth of deposition and .Jlallgenese 

content. 'I1hre1.' components re!!lained uninterpreted. 

Scor es < .f s amples on the first six compone~ts in partic-.uar, 

indicate t hat the stratigraphic section can be divided into a nll!Ilber of 

zones character ized by differing geochemical and rnineraloeical cor.ditions. 

A statistical ane..lysis o f ths zonation (usi..11g Q.-mode cluster 2~al~rsis 2r!r1 

multiple discriminant analysis) was performed on the component scores. Ten 

natural groups of s a:nples "'.·tere revealed. t ~at Here subsequentl~r pruned doW!'l 

to nine. The distribution of samples from these groups indicated a five-
• 

fold division o f the s-tra.+,i '2Tfl.:)"'!ical section under exenin~tioI!: 

1. Pleq,sa.ri:ton a.Yld Lower !Cf!nsas City Grou1)s, 

2. Upper Kansas City, Lansing and Douglas Groups, 

Shawnee Group, 

4. Lower and Eiddle '.!abaunsee Group and 

5. Upper Wabaunsee, Admire, Council Grove and Chase Groups. 

Zones 1 and 3 consist of regular alternations of 02.lcareous, black 

organic and q1.:.artz-rich shales. Occurrintl at ap9roxim~~tely 70 ft. 

intervals, these cycles bear a close resemblance to the oscillations 

identified in the Kansas City Group beds by Davis and Cocke (1972). Using 

a method known as substitutability analysis, the straticraphic setJtion 

I 
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containing seventeen distinct lithologies \taS found to possess a two state 

oscillation, limestone - inside shale, pBrtu:rbated by occasional outside 

shales or black shaleso Inside shales are comparable to the calcareous 

shales (clusters ·X and _E) of this chapter. Similarly, quartz-rich shales, 

siltstones and sandstones (clusters A and G) roughly correspond to outside 

shales. The black organic shales in both cases axe dire:::tly equivalent. 

However, the quartz shales may also develop as inside shales and therefore 

the· cycles defined in this ·cha9ter do not directly match the oscillatory 

patterns recoBnised by Davis and Cocke (1972), and Schwarzacher (1969) •.. _. 

There also seems to be dissimilarity between the cycles recognised in th.is 

chapter a.nd t hose identified by Noore (1936~ 1949), and Nerr.iam (1963). 

Nevertheless, simple three component shale cycles have been recognised in 

both zones 1 and 3. 

Zones 2 and 4 are characterized by quartz-rich shales, siltstones 

and sandstones with occasional calcareous shale. iio evidence for cyclic 

variation in the. geochemistry or mineralogy of these beds is appe.re!1t. 

These zones do however oscillate with zones 1 and 3 and fom the only 
• manifestation of large-scale cycles found in Kansas deposits. 

The last recognisable zone, 5, consists of a two-state oscillation 

from calcite or dolomitic-rich shales to quartz-rich shales. This zone is 

dominated by calcareous beds and reflects a ·basic change in envirorllllenttl 

conditions from a detrital dominated shale regirie in the Pennsylvanian to 

carbonate deposition in the Lower Permian. 

I 
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INTRODUCTION -
A classification of Upper Pennsylvanian and Lower Permian shales 

has produced nine groups of samples that can be distinguished on 

mineralogy and geochemistry ( Chapter 7). As a laboratory exercise, this 

has its merits, but to be of practical benefit, it is also necessarJ to 

relate this classification to the sedimentary deposits observed in the 

field. It was with this aim in mind that a number of samples, analysed by 

. 
' 

thin-sectioned and petrolo3ically exa~ed. This chapter p~esents a brief 

d_escription of the facies distinguished a.-rid the icplications for environments 

of deposition. 

Following the recent work of Gipson (1965), Odon (1967), Gillot-; 

(1969, 1970) and O'Brien (1970) on the enviro!lI!lental significance of a'Jia.le 

fabrics, select 3aoples were exa.i---:ined using a scar.ning electron microscope 

to aid the interpretation of fine-grained sediraent~.ry ~ock fabrics and to 

determine the depositional conditions under which the rocks were developed. 

A microscopic fabric analysis technique, developed by ~ewer (1964) for 

the study of soils, was also 2.Jplicd wi t}1 the eeneral vie.1 of elucid~tin_:; 

depositional environments. 

LAB03ATGRY PP:.EP_~lt.ATION 

250 thin sections of selected s11ales were prepared at t!'le Central 

Petrographic Section Services of Dallas, Texas, by a process of vacuum-

impregnation in epoxy and cutting in kerosene. Some wedge-shaped sections 

were prepared for examination of shale fabrics. Fhotonicrographs of 

representative slides are included vith discussions of specific rock types. 

Seve1:al scanning electron mic:roscope se.mple mounts we.re prep:irecl by 

breaking ron:=,hly square chips of!' fror- the orici'lal shales. Sa.~les of 3 

cubic Dll!l approximately, wer& cemented onto alw:tinium stubs leavi.."lg a 

i 
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freshly fractt1.red surface face up. A fine platinur:i coatine- was ther. 

vacuum spray ed over each sa..rnple to alleviate conductivity probleos. 'The 

samples were then ex~ined using a Cambridge sca.ri..ning electron microscope 

belonging to the Geology I)e:partment at Leicester University. Electron 

photomicrogra.phs of shal e samples are ~eluded in the following sections. 

SHALE PETROLOGY 

Four principa l f acies uere recoenised in U-pper Pennsylva.--iian and 

Lower Permi an elastic deposits. T1nese include a black s~ale that is 

considered t he most distinctive of all Kansas deposits, a calcareous, r;rey 

shale f aci es that with the bl2.ck S!lale facies c0:istitute a group of 

sedimen ts known as inside shales (Davis and Cock~, 1972), and a sandstone 

and siltstone .facies that together with a thick, brown clay-shale facies 

form outside s hales. t·:inor f 2.cies such as a red and purple shales E.nd 

shale partines in limestone beds: are also recognised. Aspects of each 

facies apparen t i n h~d specimens or thin sec+,ions are disccssed i..'1 the 

following sections. 
• 

Black Sh8,le F'acies 

Shales belonging to this facies are typically black, carbonaceous, 

fissile and thin-bedded, containing numerous phosphorite laminae and 

scatte:r·sd elliptic p h os_p:10 :=i te noc':ules (Fi,3'. 8.la, b). ~,ossils comonly 

reco8'11ised in black shales include fish spines, conodonts, orbicnloid 

brachiopods, and thin shelled pectinid clams, al thoue}l radiolaria., sponge 

spines, cephelopods and sna.r~s' teeth bave been fotilld (Fig . S.lc, d). 

Macerated plsnt fragm~nts are also cor.unon. 

This fa.cies, al thoug!1 norr.1ally represented only by a few metres of 

s~dioents, is l atera lly :-i r rsis+,ent fron Io,rn. to SO\ -t11ern Xf!nsas (Koo=-e, 

1964). further south, the black shales £;1:ade into thicker secticns of 

,, 
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liE;.ht colo-u.red s lwles thc.t contain 110.r.'"IB l T'lari1 .::osoJls s1.lch as brachiopod:;, 

:;a.stro-pods, ec~incdeTI::s , corals and b:r7;ozows (Evans, 1967, 1968; Hec~rnl, 

1972z.,).. This, in tnrn 1 gre/~ es into t 1!c nonmarine deltaic elastics of 

OkJ.ahoma (1:.'anless et al., 1970). In Im·r9 and Hebraska, a .fecies change 

to a fully marine s ection is often. su1eested b~r the reappearance c,f l.:.c;ht 

coloured marine shales belm1 the black shale facies. 

Evans _,..(1967) a..'l'ld Heckel (1972a) have establis:1ed that the undisturbed 

nature of even stratification manifest in the primary phosphorite l2.II1i?1ae 

precludo the former existence of either a root system of attached vegetation I 

or an npreserved hurrm-rine o::t' oottom feeding fauna. The presence o.f 

det:ri t a1 mate:rial o.f only the finest sizes (primarily quartz g:cains 

pho s ph0rite laminae indicating long term cessation of detrital secliwentation 

(Bromle:r, 1967; Heckel, 1972), sug.:;est that the a:ree.s of black shale 

development represent ne~rly Cl1.rrentless, Eediment starved rerrio~s where 

slow deposition occurs. The fully marine extensions of black shales in 

Iowa and Southern Kansas indicate that black shales are probably marine 

deposits resulting from slow sediI11entation. • 
The conditions responsible for the formation of black shales have 

been reviewed by Heckel (1972a) who concluded that in respect of the 

·Heebner blae;k Shale (Sba.wnee Group), stagnation of the sea was the I!lost 

likeJ. , • c:mse . LYa.n s (1967) b~s su~·Je£ted t'1at :1ta:-:,nation coulcl :1P.ve been 

cau:3e,J. by a subn2rine b::-.rrier, resultins f::-om sedine~t2.tion across t~1~ 

developed as a to ::;:iograp!'lical hi5h associated with tbe continu~.tion of the 

Ouachita foldbelt. 

The Ka.visa.s epeiric seri. duri!l;! t!le deposition of black chru.es, may 

be viGHed most reasoncbly as a hroad saucer-sh~p~d basir. in which 

cil:cula tion !:.:}.s ce~scd over !'!Ost of t~rn bottom and into uhich only thQ 

finest suspended etc tri tus was spree.a. by currents:. 't'~e eerated sur.fs.ce 
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waters contained a fauna of nektonic fish o:nd conodont organisms along 

edges of the basin, deltalc detrital sediments built the sea bottom up 

above the level of sta~nation into aerated watel:'s where benthonic life 

could be supported (Wanless et al., 1970). 

153. 

Geochemically, the presence of organic matter in black shale 

environments encourages the development of reducing conditions in uhich 

t he trace elem9nts Cd, Cr, No, Ni, Pb, V and Zn are enriched. The organic 

natter also causes the dispersion of clay mineral particles by 

neu,tra J i zation of surface charges (I1oore, 1972) and gives rise, or. 

e;ompact .ion , to the fissility of black shales. Scanning electron 

microg:r-aphs of black shalas (O'Brien, 1968; Fig~ 3.le) indicate that 

clay particles occur in parallel "domains" and that planes of fissili ty 

correspond to zones of oreanic material (Odom, 1567). iligh fissility also 

indicates an abiotic environmerit of deposition (Byers, 1974). 

In thin section, black shales contain abundant pbosphorite bands 

and nodules- in a black, organic-rich matrix. The phosphorite laminae 
• rarely exceed 1 mm in thickness but may extend up to several ems. in 

length. Faosphorite nodules also vary considerably in size and often 

contain fossils such as radiolaria and spicules (Fig. 6.10). :9oth laminae 

and nodules lie along planes of fissility. In the intervening black 

matrix, little detail can be distinguished except a few small quartz 

grains. In Brewer's micromorphological classification of sedimentary 

facies (Brewer, 1964, 1972; Bullock and Hac.."lcney, 1970; BttrnhP-m, 1970), 

the fabric of black shales is generally argillasepic unistrial, i.e. they 

orientation, which gives specir.iens as 3. whole a unidirectional striated 

extinction pattern. 

Al thou5h samples of this .facies m-e min1::rclot:;ically indistir-,3"..iishable 

from other fine--3Tained shale groups (Chapter 3), they are geochemically 
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disti~ct, i.e. they all fe.11 into one clus~BT in Cha~ters 5 and 7 •. This 

facies is, therefore, a unique constiti.:.ent of Ka"l'J.se.s sediments su:;,:r,:,orting 

the level of importance as marker ur..its curreLtly placed on these s~ales 

by the GeoloBical Survey of Kar..sas. 

Summarizing therefore, the blac!<: s!1ale facies is inferred as a 
. . . . . . { . 

marine deposit resulting from slow deposition in a..."l'J.· ··or.rgen-deplated sea. 

Parts of the Heebner Shale, rhmcie Creek Shale, Endo=e Shale, Larsh and 

. 
' 

Burroak Shale, Hushpuckney Sh..ale and Stark Shale are typical of this facies. 

Sandst one a~d Siltstone Facies 

The sandstone and siltstone f~.cies is found i1Teg:.1la.rly throu~'hout 

the Upper Pennsylvanian elastic deposits but is almost unlmo~\rn in the 

Lower Permian. It consists :primarily of yellow to brOim, arkosic grey-

the fea.tu::r-es of deltaic cla.stics. In outcro:9s, the sandstones 2re c•~!"l:?ra.D.y 

massively bedded with occasional irree;ular laminations (outlinins particles 

or organic matter) and cross-bedding (Fig. 8.2a). The ~hysical extent of 

(1963, 1970), indicate tbat they represent b~3e.l del taic c'.1annel deposits. 

The laminated siltstones, on the other hand, show· gTaded bedding and flow 

structures such as load casts anc microslurn.ps, and probably re:9resent 

delt2.-fr0nt de-:;os its. 

. . Nessi ve channel sandstones are found in the lloxie Sandstone I·iernbe:?:" 

(Horne, 1965) of the Kansas City Group, in the Tonganoxie Ssndstone 

(Fie. 8.2b) and Irels.!".d Sandstone r-~e::1"::iers of the noug-las Gronp (Jm!er, 

1-961), in thG Fillsbury Shale, :toot Shale c:11d :.,·ood. Siding ~crmation of t!-1e 

Wabaunsee G:ronp end fin?..lly in the '1101.·rle Shale HeE~ber of the Att-::ire riroup. 

Most are sinuous bodies that extend over NE Kansas a.-rid/or SE Kansas a.nd N. 

Oklahoma and contain sediments derivt:!d from the 0:-mrk Dome of 1asso~i 

and the Ouac~ita tectonic belt of Oklahoma end .Arkansas respecti~ely. 
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Fig. 8.2 (A) A section cf the Tonga."loxie Sandstone (sa~ples 294, 295) 

showing several beds of t1assive sandstone with occasional 

L-rregular laminations. Beds are approximately 2-3 ft. thick. 

(B} In these.me outcrop as (A), cross-bedded sandstones are also 

in evidence. 

(C) In thin s~ction, sample 294 consists of moderately sorted, 
,,. 

subangular to angular quartz grains, :plagioclase feldspar • 

a.Tld zircon grains in a matrix of clay minerals. ScaJ.e = 0.1 rum. 

(D) A Doniphan Shale sa.!Ilple (No. 121) typifies many sandstones in 

the Upper Pennsylva.llian, with heamatite coating on the 

subangular quartz grains. Scale= 0.05 mm. 

(E) Frequently, quartz grains in the sandstones (sample No. 85) 

contain fluid and solid inclusions. One of the fluid 

inclusions in the central quartz grain also appears to 

contain a gas bubble. Scale= 0.05 mm. 

(F) A photomicrograph of a Stull Shale sample (No. 85) showing 

numerous angular to sub-angular quartz grains in a matrix of 

mica and clay minerals. In the centre, one relativ~ly fresh 

albite-twinned plagioclase grain is preserved. Scale= 0.1 mm. 
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Char:n!?l der-osit~ pass la:te.:~,lly into a.elt,aic fine sa"'l.ds a~d siltstoncs 

(W2..r .. les s & t al., 1970) chax·s,cteriz8d. by u:a€ven c::coss-12:1:.ina.tioc a.r..i 

rl:?".{Orkine. 
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L"1 thin section, the sandstones appe2.r to be poorly to moderately 

sorted with numerous angular and subangular rock fr2-t:,7ffients, hematite and 

clay raineral coated quartz grains (1'1ig. 8.2d, e, f) and ·occasional fresn 

to slightly weathered, tlbite-twinned plagioclase (Fig. 8.2e), microolir~e, 

orthocl a se and zircon grains in a clay mineral matrix (1t1ig~ Br 2c). Sai-raples 

v 2.ry i v-_ texture from immature sandstone to arkosic greY";a~kes. }t"j:-agn:ents 

o f sha -.e , igneous roc;~<s, quartzite, undulous qua_-r-tz, chert and organic 

materi:~l may be seen. 

Lan ir..6',ted sil tst cnes are found prir.12.::::-ily in becls se ~2.~,e..ti.n,: t.h£ 

limestone Formations, designated by Sch~·,arzacher (1967, 1969) as lm.tside 

sha.les, e.g. Kanwa1ca, Tecuruseh and Calho"Jn Shales of the ~-!abaunsee Group. 

In r~aT'd specimen and thin ~ection, sam~les consist of alternating yellow-

brown sil tstones o:r silty s~'l:?.les an~ dar:~er, fine-g-ra.ined, sli,s:htly more 

carbonaceous sha.les (.7ig. 8. 3c). Gro.ded beds and finin: upua=lls cycles 

are common. Althouch contacts at the base of each siltstone band are sharp 

intlicating 2. brief diastem, boundaries are often quite wavy, load casts are 

frequently present (Fi;;. 8.3a, b) and sor.ie small slunps are visible. The 

siltstone bc.11ds contain moderately sorted subangula.r quartz e;rains with 

carbonaceous material. In contrast the finer bands are ma.de primarily of 

mica and clay minerals with irregular ar.:iounts of fine silt size qu~z 

gra1.:.s. In both layer::-, ho·.:<=:ver, it is a.:1~arent th~t the !!lioa flr~:es 

li.e paraJ.lel to t:1e laminae (l?i0 . 8. 2c), givina t:1e sil t3tcn~s an 

argillasepic, insepic o~ silasepic ur.istrial fRbric (Fig. 8.3d, e; 

layered structures reco~nis~d by I ;oore and Scrutton (1957) in ~ode~n 
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prodel ta deposits in bays e..nd alo!lf; t:ie coast of' the Gulf of Hexico. 

Formation of these deposits apparently result from :rapid deposition i·rith 

little :reworking of sediments. Fossil criteria (Heckel, 1972a) al3o 

i~dicate a restricted marine environment undergoing rapid sediffientaticn 

and subject to high turbidity a.11.d fluctuating salinity .for much of these, 

thick, poorly fossiliferous Pennsylvanian Shales. A few sil~stones and ·, 

silt shales characterized by uneven laminations, ripple cross laminations 

and extensive reworking, are identified by Wanless et al., (1970) as also 

belonging to a deltaic facies. 

This facies, therefore, represents a deltaic sequence consisting o:f. 

channel sandstones, delta sands and siltstones and delta-front silts and 

shaJ.es which correspond to the del taic uni ts described by War..less et a!. , 

(1970) for the }lid-Continent, U.S.A. 

Calcareous, Grey Shale Facies 

Thin beds sep~ati..11g limestones in limestone Formations axe krn ... ~-:ri 

~s inside shales (Schwa.rzacher, 1969) and consist prima,i-ily of fossiliferous: 

grey, green and bro:•,"!!, bloclc;,r, calcareous shales. :i.~ost sar:i:.)le3 f:=-cn this 

fa.cies are massive or rt.1.bbly, but a :few are la.'!linated and fine-grained in 

texture. 

This facies is thought to be a fully marine phase of de9osition as 

it contai..'Yls a. characteristic marine fauna. Hoore (1964) identified. a number 

of ecosystems in these sediments of which the Derbyia, fillombopora, 

Neochonetes and Derbyia-Neochonetes assemblages are most distinctive. 

Derbyia and other salinity-tolerant brachiopods a.~d clams characteri~e the 

ecosystem found, for exanple, in the Speiser 3hale of the Council Grove 

Group. Hattin (1957) interpreted the environment of deposition as 

belon.irine to an offshore zone of near normal salinity in which weak 

turbulence resulted from wave activity. Disse?J1ina:ted calcium carbonate 

was judged to be derived from shell disinte~ation. The Rhombopora 



Fig. s.3 (A) A siltstone band in the Heems.der Shale (sample No. 75) shows 

regular alternations of silty shales (light· area) a.rid fine-

grained slightly carbonaceous shales (darker zones). Il1 many 

cases, load casts are developed, ·particularly where 

concen~ratio:ns of silt g1:-ains develop. In this example, the 

pressure of the overlying silt has forced the softer, darker 

shale un into the silt band. Scale= 0.5 mm. 

(B) A load cast, developed in the Severey Shale (sample No. 162), 

shows ho~ silt grains a.re concentrated at the base of the 

structure. Note also how the organic matter forms a layer 

around the base of the cast. Scale= 0.5 mm. 

(c) Alternating carbonaceous and silty shale bands predominate 

in most siltstones including the White Cloud Shale (sample No. 

173). Hote the wavy nature of the banding. Scale = 1 mm. 

(D) The fabric of siltstones are typically argillasepic 

unistrial i.e. all the clay minerals and mica flakes are 

aligned, producing a unidirection extinction pattern. Sample 

No. 16. Scale• 0.2 mm. • 

(E) An electron photomicrograph of sample No. 16 shows the 

regular plate-like distribution of clay minerals. Occasional 

quartz grains interrupt this pattern. Scale= 0.015 mm. 

. 
'I, 





abundont ramose b:cyozcans such as PJ-lor.·,bc.9ora and T:atoa~Jon.~lla, '!.'he 

lowest rr.arine sha.ley depoait8 of sone 1 i~esto:i."le For,:atio:1s ~ont.cirL 

ab1mdant chon~-'coid. brachiopGr:s particularly 1Teoc_1c11et~s. This P.cosy::~F.1!, 

exemplified by· a Neochonetes assenblage in t!le Snyderville Sl::2.le o= -the 

Shawnee Group, has a shallow water ha1'itai; where a mud bo-ctoJ:l bo:=der?.d 

the shore (Hoore, 1964). Finally, 1 roore (1964) aP..d. I~brie I Laporte ar:d 

Merriam (J.964) distinguished &.n ecolo~ical coiT~illli t;r ,. typif.ier~ ::n the 

Florena Shale ( Council Grove Group), that correspcnd.z to ti1e Sr~yce.r\'"ille 

assemblc~e in lfeochonetes and Derbyia content bn-t ali::o cor."tain::: abUildar:.t 

have developed in the ffiiddle or resressi·1e :pa:=-t of :::.. cyclothG:.1. 

Al though four foss5.1 a.sseMblP..ges can be dist ingi.1i s~ed in t.::i s f~~ci?-::, 

it is rcost difficult to subdivia.€ the facies on litholo(;ic3.l e-:,ide::1~a . 

.Howev~r, from Hoo'!:'e' s ecolo.:;ical f:-urvey, we can concluci.'? t!mt t::iis .::'aci(.;i::~ 

generally repreEents open narine and shallow-water c!'.>ndit10:ns. 

In thin section, sa.c1Jles vary fro~ sl iehtly-sil t~- , J.ar.ina.t.:;:c.. t brc·.m 

shales to highly calcareous, fossiliferous, me.rir'e, r;re;t ~hqles aJ thot:.,'.;":l 

the rne.jority are calcareous, fine-grain~d, light g:!'e~~ or brown, coarsely-

laminated sh2.les. The p!:-esence of la:n.ine.9 in shales reflec"ts the abse:?ce 
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Fis. 8,4 {A) A sa-::ple of the Oketo Shale (No. 265) contains nu;.11erous 

fossils such as fusilinids (outlined by organic matter), 

bryozoans nnd clam fra,sments, in a fine-grained calcite 

matrix. See.le = 0.25 mm. 

(3) A fossiliferous s@~plc of the ~ueen Rill Shale (No. 136) 

Punctate brachio~ods, lamellibranch fragments and the 

fusilinids axe found in abundance. Apart from an occasional 

quartz grain, the matrL"'<: is a grey rnicrite. Scale ; 0.5 mm. 

(C) A Grant Shale sample (No. 272) illustrates the . type of 

fabric developed in a shale containing few fossils. 

Numerous ·small calcite crystals can be seen within 

matrix of organic ~atter, clay minerals and -the occasional 

quartz grain. Scale= 0.1 mm. 

(D) Another fabric developed in a calcareous shale - Galesburg 

Shale (i:-o. 27), containo far ::iore orga.-riic I!latter and clay 

minerals. The beginning of mica alignment cen be seen on 

the right of the sample. Scale= 0.1 mm. 

(E) Red shales have many types of fabrics but the two dost 

coJDCJonly recognised are illustrated in this and the following 

photo microe-raph. Numerous weli sorted quartz grains are 

surrounded by a stained, fine-grained matrix of elay minerals 

and cal.cite. Sample no. 270. Scale• 0.1 mm. 

(F) This fabric contains reworked stained pellets surrounded by 

a fine-grained calcite matrix. Calcite overg-rowths on the 

pellets are developed. Sample No. 256. Scale• 0.5 mm. 
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Red ~nd Purple Sh&le Facies 

•rhis facies is c:10.r2.cterizPd by :!'ed, green and purple J10-~tled 1 

calcareous shales a.."'ld is only found i..."1. Lower Permian beds. Al thouei1 only 

few s~ples belonEed to this facies, their charecteristic colours ma.~e 

it a distinctive facies in the field a."1.d a brief descriptioL is therefore 

included here • . 

In hand specimen, samples ara rnot~led red, g-£een or purple, hard, 

blocky, calcareous s~ales and contained no fo§sils. The facies is found 

within _outsid~ shales (thick grey shales sapara~ing limestone Forr1ations) 

and rarely thic~ens to more than 3 m. in any one bed. Fu_-r"thermore, this 

facies shows rapid lateral variations. 

Thin sections (Fig. a.4e, f) reveal the presence of many ~ins, 

silt-size quartz :particles within a ~trix of sta..ineci, f2J.-,,e-grainecl 

calcite m~d clay rniner2.ls. Some ~:~_r:i::-les a~pear to contc>.in r.ewor:<e:d 

pellets and sediments. Colour variation recorded in the shales is a 

reflection of the iron ax1d/or organic content. Red colours a::-i~e frcn 
-: 

the presence of f.err_ic oxide in the essential-'.ahs~b.ce of ·orga,ic mate;ial 
• 

whereas green shales ara :probably deposited with sone orca.."'lic n?..terial 

that reduces the red ferric ion to the ferrous state (Elias, 1937). 

stratigraphic association of green shales immediately above and below red 

shales indicate this to be true. Wells (1950) found small B!!lounts of 

organic niate:rial in Eskridge red shales ·,,hich !1e interpretPd ~-s ~n 

indication of deposition on land or in the tide.I zon.e. Green s_1tles were 

thought to be of shallow marine ori3in. However, red deposits a.re now 

known to form in a variety of cliruates and depositional envi=om.&~ts 

soils. It can therefo1.'e be implied that as r8d bec]s ai:e not s-ood 

palaeoenvironmen_tal indicators (:e-erner, 1971), Wells ir..te:rp:ri::tation is 

open to doubt. Unfortuna.t.el;i~~ until some via.ble alternative is prcpcs~:i, 

thio hypotheDis hP-s to be retained. 
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Mineralosically sara_::,lAs from t~.i :: faci.es !U'e 2.11 car'::>1::m:1tes a.."ld 

conse::quently fall into group E of the rnir~er~1.ogical classj_:fic"·,-tion. 

However, their trace element eeocher.rlstries vary sa cansiderabl:/ t~rn.t 
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sar.iples fall into clust9rs X, A a.nd D .of the corn~in~a. mineralogical and 

geoche:r.iical classification. :r~evertheless, there is ~om~ tLnifc:~ ty in the 

major oxide content of the shales; for example, consistently hi:sh Fe 
/ 

oxide a.ad CaO content. 

This facies represents therefore, a locally important field tLnit 

b~1.t at the same time, is indistincr.iishable from otber. calcareous sh2.les 

:i. n terms of mineralogy and cseochemistr.1. It w~uld seem appropriate 

u ~.e refore, to consider this facies as a minor variation of the calce..reous 

s hale facies clescri"bed previously. 

SH.ALE PARTIHGS IN LIHESTOHES 

A number of limestone units e~ribit distinct layerL.-ig in which the 

limestone beds are sep2ratecl. by thil1 Ehe.le partincs. .Al~hough the th;n 

shale studied by Troell (1969) was used as 2.11 internal st:?.·atiGZ"aphic 
• 

datum, normally on exposure, the partings weather back into the outcrop 

face and thus receive little attention. ~ey f'requently ~ontaii1 corals 

de:posi tion a.11d a firm EU."~,strate (Hec!::el, 1972a). These ecolo£;ic2,l 

considerations end the areal extent of each thin pE'.rling indicates that 

the shales result not f'rom a rapid influx of' elastics but rather from a 

long term cessation o~ carbonate deposition with Yery slow accumulation 

of suspended detrltus. 

In thin section, pa.rtinis from the Winterset Limestone (Kansas City 

Group) a.r~d .Beil Limestone a:ce lru:linatecl calcareous broun to grey shales 

with abundant f'rri .c-ments of bra.c}1io"9ods, fusilinids, cor!:1.ls and orG8,Ilic 

a 



A shale: parting in the 1-!ir:+.erset Li.J""!lestone ( sa.'Iiple No. 35) is 

cs.lcareous, fine-g:ra:..ned ant .. lan.inated with a few fossils. 

Scele = 0.4 mm. 

(B) A Beil Lir;iestone sample (No. 137) illustrates the fabric of 

shale partings. They are typlcally fine-grained, ce.lcarecus,. 

grey or b~own with occasional quartz grains. Scale= 0.1 mm. 

(c) ·' A sample from the Chanute Shale (No. 48) is representative 

of the clay·ey-sbale facies. In this thin section, most are 

fine-grained, brown to grey, rather silty shales with scattered 

fossils. Scale= 0.1 mm. 

(D) Another laminated silty shale showing gravitational ba..""!ds. 

Scale= 0.05 mm. 

(E) A typical exposure of the clayey-shale facies in a road.cut 

near Kansas City. Sa.2ples (69 to 71) of the Lane Shale were 

obtained from this site. 

• 
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Thick .:ine-;-.cn.ined, soft !"Jne..1.e bands ~c~ur in many outside shales 

consti-tuting a poo:dy fonsilifero11s, near-shore, marine sedimentary 

deposit. This facies .:;;enerally dfr,plays a monotonous sequence of olive-

grey to bro~-m, slightl~,. silty shales with thin zor..es of l~.oinated sil tstones 

occasionally _carrJing plant fragments. 

Early ,-rork :;:ecognised both ncm-ilarine 2.nd marine environments in 

the ouiside shales (Vioore, 1929). Ls.ter, ho·.-re,r-=:::, identific2.tion of the 

co sistent position of outside shale Forr::ations betveen definitely r.1ari11.e 

liv1est.one sequences, the general barrern1ess of the shales a..-rid the 

oc~urrence (even thoueh locel) of non-ri~~ine litholoeies caused them to be 

considered as wholly or predominantly non-Ii'..a.=ine deposits (Hcore, 1936), a 

concept that persists today. 

However, recent investigations by Heckel (1972a) and lieckel and :9ae3emann 

(1975) have revetled the presence of fossils scattered throu~hout a nu~ocr 

of outside s?la.les, p2.rticul2.rly in the K?nsas City 2.nd Lc1.nsir.e- Groups. 

Host of the fossils recovered are conodonts ?..nd sm2.ll, thin-shelled 
• 

pelecypods and gastropods, sug-B'esting shallow-water or :relatively rapid 

deposition or both. Shales of this facies a.re oftcu found in associ~tion 

facies in the ne~~-sho~e sr.c>.llm•! m?..rir.'3 rce-irne. ~·.'a..nless et al., (197C) 

have therefore equated these tleposi ts with p"'t'odel taic mru:.-ine muds a.r!d 

bottomset deltaic beds. 

In thin-section, samples from this facies are revealed as fine-

g-rained brm•.:n to zrey, occasionally :3il ty shales containinc:; a few isola.ted 

fossils and orz:?.nic materiru.. (l·'ig .. 8.5c, d, e). T~xtU:!:'ally, these snales 

a1.·e s~r:er=.:.lly f' •. r.::;illnscpic .:>nd. r::od·?ratel:,r to uea}-ly ur.5.si..rin.l (T:re~:.::r, 

1964) althou,_:h an occasional inundulic or insepi.c fabric ·,ms noted, 

inclict?.tin~~· a. J.r,.c!( of disruptive influe.nce:s suc.1 o.a burrowin,~ rmin.~ls, tif'al 

or current section and conf5.rr'li.nc th~ e1:;:ironr.1cmt.tl interpretations placed 



II 
II 
II 

on this f'acies. 

CONCLUSIONS 

Clastic sedimentary deposits :from the Upper Pennsylvanian and 

Lower Permian of' Kansas, can be grouped into six f'acies representing 

differing en~ironmental conditions. 
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The most distinctive of these facies is a black, laminated shale 

that is used as a marker horizon in cyclothems (Moore, 1950). Developed 

in the deepest pa..~s of a shallow-water epeiric sea, it contains a sparse 

epipla.nktonic fauna .indicating anoxic bottom waters. Closely associated 

with this f'ac~es (as inside shales) are sediments that fall into the 

calcareous grey shale facies. These shales are deposited primarily in open 

marine, shallow water conditions and are characterized by abundant 

brachiopods, bivalves, fusilinids and bryozoans. 

Inside shales separate limestone units within limestone Formations 

whereas outside shales are intercalated between the Formations. Two f'acies 

can be differentiated in the outside shales, a sandstone and siltstone • 
f'acies and a brown, soft, clay-shale facies. Both represent environnents 

of deposition characteristic of deltaic sedimentation. Firstly, the 

sandstone and siltstone facies consists of channel sandstones, laminated 

prodelta siltstones and deltaic sands and siltstpnes (terminology of 

v!anless et al., (1970)). Source of the detrital material is primarily from 

the Ouachita fold belt although subsiding deltas are developed on the 

lowlying land area to the north of the Forest City Basin. A minor source 

may originate in the Ozark dome of Missouri (Wanless et e.l., 1970). The 

brown, clay-shale f'acies ca~ be equated to delta bottomsets and prodelta 

marine clays (Wanless et al., 1970). 

A number of shale partings occurring in limestones constitute the 

f'i.fth facies. Althouch eeochemically a.nd mineralogically indistinguishable 
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from other calcareous shales, they form a unique ~ed.imentolo0ical facies. 

P-.com ecological and lithological c9nsidera-tions, it is inferred ·that each 

thin parting developed in neer-diastecic conditions. 

A ~nor facies recognised in lower Permian deposits is a red a.~d 

purple shale lithology. It is interpreted as a product of neaz:-shore or 

even tidal environments. 

The inte:rrelations between these facies are illustrated by a 

schematic diagram (Fig. 8.6) of a hypothetical Pennsylvanian saction. It 

can be seen that there is an alternatio:i of limestones and marine 

calcareous and black shales (inside shales) perturbated by thick, deltaic 

deposits (out~ide shales). Within each limestone, thin shale partings may 

occur. In the Lower Permian, all shale units become more calcareous and 

in places, red and purple shales may develop within outside sec.le units • 

• 

..... 
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GEOCHEMISTRY, MINE:RALOGY A.'l\lD PETROLOGY 

In this final 3ection, the results obtained duri:.~g the research 

project will be discussed, assessed i~· the li~ht of t~e original airr.s a.,d 

recolll!Ilendations fc,r future studies made. 

Previous workers have :i.nterpre-::cd the Upper PenI'-sylvanian and 

Lower Permian sedimentary successicr; of Kansas in terms of tsn litholQgies 

t hat: fo ·m a.~ oscillatcry strat..:..grap:1ic pat:.tarn (Hoc,re, 1950, 1964; Duff, 

Hallam aDd Wal ton, 196 7; 't1e.!..ler, 1958, 1960) . However, only seven are 

lithologically dlsti~ct (Moore, 1950) and later analysis has reduc2c this 

to five (Pearn, 1964). For field ~se, Sc~warzacher (1967, 1969) reduced 

this still further to four and finally, Davis Cocke {1972) cc~cluded 

that the only observable pattern was a t~,c state limest::me - inside shale 

oscillation, pe~turbated by occasio~al outside shales or bla~k shal:s. 

In an attempt to clarify this confusing situation, a detailed geocheci.ca~, 

mineralogical and petrological study of the Upper Pannsyl va.11.ian and Lower 

Permian shales of Kansas was made and the variations observed were related 

to the stratigr~phic and tectonic setting of Kansas, during this period. 

The limes tones ,-,ere, howev~r, cmi tted from the study as an extensive 

coverage of these beds is already available (Haglund, 1967; Wilson and 

Heckel, 1971; Heckel, 1972a, b, 1974; Baesemann, 1973). 

In this t.~esis, Kansas shales were found to consist of six major 

facies (based on the combined data, see chapters 7 and 8), each corres-

ponding to a saparate depositional environment. 

1) A sandstone and siltstone facies corresponding to ealtaic sa11ds and 

siltstones with e. source in the Ouachlt:a Mountains of Oklahoma and Ar~~~sus 

and occasionally, the lowlands of Iowa, Nebraska and Missou:::-i. This 

facies contai11s abW1dant quartz, feldspar, :llld detr.ital zi:!:'cons and is, 

therefore, enriched in s102 , Al2o3 , a.~d Z~. 
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2) A clayey shale facies co:!:'responding to prodeltaic marine muds ·which 

is the seaward extension of the previous facies. The shales are there-

fore rich in quartz and feldspar and 'have an increased clay mineral 

content. Ga, Li and K2o may also be enriched in these shales. 

3) A black shale facies that is a product of a restricted marine environ-

men~ (Heckel, 1972a). Th~ regular stagnation of bottom waters, leading 

to development of reducing concliti~ns in the sediments, may be caused by 

tectonic uplifts of a barrier at the mouth of the epeiric sea. These 

shales are enriched in the trace elements Cd, Cr, Cu, Be, Mo, Ni, Pb, 

V, Zn by the chemical action of organic matter. 

4) A calcareous grey shale facies that represents open marine, shallow 

water deposits which are characterised by abundant brach.iopods, bivalves, 

f us i linids and bryozoans. These shales have high calcite, Cao, MnO, 

Sr, Sn, Ge, and Bi content. 

5) A shale partings in limestones facies is equated to diaste!llic con-

ditions but is mineralogically and geochemically similar to the calcareous 

facies. 

6) A facies of minor impcrtance is a red and purple shale facies that 

occurs in certain sections of Lower Permian shales and possibly represents 

a calcareous equivalent of facies 2. 

These facies equate to t.~e lithologic divisions noted by 

Schwarzacher (1969), Davis and Cocke (1972) and Heckel and Baes~ann (1975). 

By combining facies 1 a~d 2, a group of deltaic shales is obtained that 

occur primarily in the thick shale Formations separating limestone Forma-

tions (outside shales). In Chapter 1, it was conjectured that t.~e 

appearance cf these deposits may be related to tectonic uplifts of ~'1.e 

Ouachita foldbelt resulting from cyclic movement along subduction zones 

(Bott and Deans, 1973). Facies 3 an·d 4 generally occur as shale Membe:?:"s 

separating individual limestone beds in a limestone Formation (inside 
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s:iales). 

stone bed. 

The black shales are normally located above the second lime-

Facies 5 (equivalent to inside shales) and 6 (equivalent to 

outside shales), however, are only of minor importc.11ce as they represent 

a small number of shale samples. 

Stratigraphically, these facies were found to be distributed in 

a number of zones. 

1) In the Pleasanton, Kansas City and Lansing Groups, there are regular 

alternations of limestones and inside shales separated into Formations 

by thick beds of deltaic outside shales. 

2) The succeeding Douglas Group, however, appears to contai~ only out-

side shales. 

3) The Shawnee Group, reverts to the limestone - inside shale alternation 

with outside shales separating limestone Formations. 

4J The Upper Pennsylvanian culminates in the Wabaunsee Group with out-

side shales and occasional limestones. 

5) In the Admire, Council Grove and Chase Groups of the Lower Permian, 

a general increase in the carbonate content of all rocks is ma~ifest in 

the development of calcareous outside shales (red a~d purple shale facies) 

separating the alternations oi inside shales and limestones. Towards 

t.~c top of this division evaporites are developed, although the geo-

chemical data showed no evidence for increasing salinity. 

A nu._TJlber of different oscillatory patterns can be detected in 

these deposits. Firstly, in the Pleasanton, Kansas City, La.~sing, 
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Shawnee and Lower. Permian Groups, a su=cession of alternating inside 

shales and limestones constitutes a limestone ?ormation. The limestone 

Forillations are separated by outside shales, thereby outlining a s~t of 

sedimentary deposits approximately equivalent, in thickness, to a cycle-

them (Moore, 1950). However, there is no firm evidence for such c~{cles 
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in the stratigraphic distribution of the f::?.cies. The only ccrroborativ~ 

support is obtained from the statistical analysis of m.neral and elem~nt 

distr ibutions. Fourier analysis of the stratigraphic distribution of 

quartz, Si02, Al203; Cao; ~1no·, ·'Ba, 'er·; Ni, Mo, Cu and Ga indicate the 

presence of 70 foot C-.fcles in the shales. This agrees with t..~e thick-

ness attributed to cyclothems by Moore (1950) although no evidence for 

the lithological complexity of cycles presented by Moore (1950) can be 

found. It is, therefore, suggested that the 70 foot cycles recognised 

in this thesis match the mathemati~ally derived oscillations notec by 

Schwarzacher (1969) and Davis and Cocke (1972) and are possibly mani-

festations of a simplified "ideal" cyclothem. It can also be inferred 

that, in terms of detecting cyclicity, Fourier analysis is a more ap-

propriate and sensitive tool than multivariate analysis. 

also recognised this potential. 

Dunn (1974) 

In the intervening Douglas and Wabaunsee Grollps, no evidence 

for cycles was noted. T'ne beds are primarily deltaic elastics and may 

represent the products of important tectonic events in the orogenic 

belts to the South. The Douglas and Wabaunsee Groups a.1:'e also recog-

nised by Moore (1964) and Schwarzacher (1969) as distinct zones although 

they distinguish poorly developed or incomplete cyclothems in the Forma-

tions. 

'~ne stratigraphic zones 1 to~, therefore, for~ an alternation 



of cyclothem bearing and non-cyclothem bearing deposits, i.~. the 

Pleasanton, Kansas City, and Lansing Groups contain cyclotherr..s whereas 

t~e succeeding Douglas Group does not contain cycles and similarly t..~e 

Shavmee G?:'oup co:itains c-.tcles ~7d the Wabaunsee does not. T"ne osci lla-

tion of stratig?:'aFhic zones may represent a large scale cyclic develop-

ment, possibly related to tectonism. These cycles roughly correspcn5 

to hypercyclot..~ems (Merriam, 1963) but have been described in detail 

only in this project. 

The cyclic ·development of outside shales and blac~c shales has 

been accounted for by orogenic events in the Ouachita foldbelt. 

tectonic periods may also account for the differences between zones 

containing cyclothems and those without. Although the basic cause 

of the oscillation remains unk£iown, several t~ctonic controls have 

been proposed: 

a) varying rates of subsidence allowing transgressions and 

regressions (Matthews, 1974); 
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b) repeated eustatic changes in sea level and variation in 

elastic influx, controlled by climatic chan~es (Wunless and Shepard, 1936); 

c) diastropic uplift and subsidence of source area (Weller, 1956). 

In the light of modern theories of global tectonics and sea-floor spreading, 

it would seem likely that a combination of controls such as a and c may 

provide the answer. 

A multivariate statistical analysis elucidated the geochemical 

and mineralogical evolution of the Upper Pennsylvanian and Lower Permian 

shales and indicatec1 that the stratigraphical variation in the mn<;ralc-

g.icaJ. and geoc:.emical data is cont:coll~d by :1.ine components - a carbonate 

component, a black shale co=pcnent, a clay mineral component, a dclottlte 
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conponex'!t a shallow ver.sus deep water envircn::nent component, a manganese 

cc~ponec.:t: ~nd three unin~er pretable components. These carbonate and 

black. s ---=i=:e .::actors ~ay b e ~elated to the orogenic controls of outside and 

i nsid:= .s.:::.a J'?'..s a.'1"ld, sL7lil.arly, the manganese component is re::lated to 

raarine - .=:.:-:'lfti. t.-:.ons of the inside shales. The dolomite component indicates 

that di.~~:~::;.e tic activ·i t:y has affected the shales particularly in the 

Lower P = ·~==~.r.. . 

Y..::i conclusion, therefore, the research conducted for this thesis 

has shc-;.~l t...11:.at the concept of a ten-co!!?ponE:nt 11 ide3.l" cycle envisaged by 

Moore • IE~ 35) i.s net s upported by mineralogical, geochemical or p:::tro-

logica1.. .~ t:.c. from the upper Pen~"lsylvanian and Lcwer Permian shales of 

Kansa s. Ee~ r,ever, a simpli fication of the elastic classification to 

'three c :::~cner.:1:.S - calcareous marine shales, restricted marine black 

shales a ""!:Ll:3 f.::..r?.ally, delta.ic and prcdeltaic shales, sandstones and silt-

stones 6 ~u~g~sts cycles at approximately 70 ft. intervals in the Pleasan-

ton, Kar.::s.a.s City, Lansing and Shawnee Groups. This classification 

matches '.t:.."'!..e mathematically-derived lithological divisions observed 

in the :E:"~nc::.:as City Group by Davis and Cocke (1972). The ca'lca-

reous s1:..-a.Les 0£ this thesis equate to inside shales and similarly 

deltaic s::-i~Jes to outside shales. Black shales are in both cases 

equi val.=:.~t . 

E o ~re7er, a ~ajor criticism of this research project is recog-

nised b -t::-~e exte..~sive interpretations and conclusions made from such 

a smal. T- 5....""i::.a set. In retrospect, a more satisfactory data set could 

have b s --2:.'. c b t ai.:;ed by saq>ling at a fixed interval within the elastic 

a eposi~ - I~ would also have baen core appr opri ate to have chcs~n 

a smal !.~:!:- s ::ction ,. for e ·ample the Shawnee and Wabaunsee Groups, and 



to have analysed both tr..e limestones c.nd shales. The sampling interval 

should be rel~ted to the oscillato:cy patterns noted in this t.~esis, i.e. 

less than 70 fcot. 

A further criticism of this project has been th~ relatively 

subjective decision to sample on a bed by bed basis. In 2:etro~pect, 

it would have been more desirable to hc.ve Sa!nple.d extensively ~-lithin 

beds (on a fixed interval scale) and also along the strike of the beds 

produci~g anot..~er level of replication and information for the project. 

The accuracy of the data, particularly the geochemical d3ta, 

can also be questioned suggesting that the conclusions dra\'m about the 

strati.graphic variation in the elemental data I!lay be affected by experi-

mental error. The technique applied, emission spectroscopy, should 

therefore be used to determine the geochemical variation cf ti1e shales 

and a more precise techr..ique such as X-ray fluorescence should be used 

to quantitatively analyse the shales. 

This combination of errors and subjective decisions has made 

the identification of cycles in Kansas shales difficult. It is recog-
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nised that the conclusions drawn in this thesis do not provide c...ny n~w 

information on the nature or origins of the cyclothe.'llS in Kansas; never-

theless it can be inferred that Moore's "idedl" cyclothem is not developed 

in the stratig~aphic section examined but that a simplified cycle may be. 

The procedure adopted for the analysis of cyclic sequences may be streng-

thened by employing Markov chain analysis (Schwarzacher, 1967, 1969) on 

the data. This would bP. particularly appropriate for fixed interval data 

from a reduced stratigraphic se~tion. 

Diagenesis and weathering may play important roles in the !!linera-

logical and geochemical variation of the ~hales. However, these a·3pe·.:: ts 



were not examined in detail and the conclusions should be viewed in 

the light of this omission. As th~ significance of these effe=ts 

is at present unkno~m, t..~c secondary alteration of Kansas shales 

should be examined particularly in t.l-ie Lower Permian where dolomites 

are developed, and related to the geochemical variation noted in 

this thesis. 

In conclusion, future projects on this stratigraphic section 

should concentrate en a smaller section of the Upper Pen.~sylvanian, 

possibly the Shawnee and Wabaunsee Groups , and combine both fixed 

interval vertical as well as lateral sampling of elastic and non-

elastic beds. The problems of diagenesis and weathering should 

be examined by comparing the outcrop data with the numberous bore-

hole cores available at the Kansas Geological Survey. Fourier 

analysis of geochemical and mineralogical variables has proved a 

powerful statistical technique for the detection of cyclic varia-

tion and shouJd be applied to the analysis of any future data of 

this type. Markov chain analysis should also be pursued. 

number of projects could be developed out of the geochemical varia-

tion noted in these shales, particularly the elements in the carbonate 

fraction. The wcrk cf Veizer ar.d Demovic (1974) and Bencini and 

Turi (1974) on environmental interpretation of trace element distri-

butions in limestones could be applied successfully to calcareous 

shales as suggested by the geochemical analysis in Chapters 4 and 

• 7. 

The textural analysis of shales by the scanning electro~ 

microscope a11,j micromo=:phological techniques is also suggestad as 
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a future development from the facies analysis performed in Chapter 8. 

INSTRm-1EN'"i'AL TECHNIQUES AND PROCEDURES 

Fine-grained sedimentary rocks are reno~med for difficulties 

of ligh~ microscope cnalysis. It is, therefore, a common procedure 

to supplement the petrological examination of shales and clays by 

instrumental techniques such as X-ray diffraction, atomic absorptio11 

and X-ray fluorescence. However, not all these techniques were 

practically available to the researcher and in order to study the 

geochemistry of shales, emission spectroscopy and electron spjn reso-

nance were introduced into the repertoire of instrumental techniques. 

X-ray diffraction is available in most science departments and is 

frequently applied to the determination of sed41ent mineralogy. It is 

particularly useful for the study of shales, whose fine-grained nature 

normally precludes light microscope mineralogical analysis. However, in 

X-ray diffraction, exparimental results are often highly variable; 

consequently, numerous sample preparation techniques and conditions have 

been developed, for tile qua.'ltitative assessment of mineralogy. A 

statistical analysis of errors in qua.,titative X-ray diffraction analysis 

of fine-grained sediments enabled ~e ~esearcher to establish standardized 

sample preparation procedures and analytical co~ditions which minimized 



the co::1tro1lnb1a e:.:-rors . 

P ... ,,.. C .1 . 1· C'"., _ .J...C.. ;:., •c.L . .I 

/ 

::o:r.: 

ex per.i r:1c~"1 -i; s . The next effective r.etnod~ arc tlm !Jressed ~ell 8:-

mi t1:i.mal operat or va:!:i atio:n. 

Using ei th0:c of t:1ese two CTethocJ.s, n. combination stc.r.dard:::; 

t ec'1.nique produced cali 1-n.·2.tion che.rts for the r;i-:-, j•.Jr oinere.l con£ti-cuent::.. 

linear ccrrE:lat ions for the three stanc.~d re,1:?·essi.0:1 c1Jrves .inciic~te 

th8.t the expected error of estin?,tes m~de ·,dt'hin t.he 1-.. ,...!iGe of the 

st~nc.2.rcl s will be small, less than at a r:1aximun. ~i:~is techniq1:e :i.s 

p articularly applicable where pure mine::."als id=:ntical to s,:?di!:!e:-rc 

components can be obtained "Jut has t~w disc..clvanta.;;e that st;:n1clarc.~, for 

minerals with -rariable ccn:9osi tion sue~ as clay rninera} "t axe st:.11 ~iff icul t 

to construct. TI.es ear ch i:nto tl1is aspect of qu£ntitative X--:..'a~,r di.:;.'i'.!•ac"';ion 

could be beneficial to sedimentary patroloeists. 

re~tdins emissioi1 spectrometer usin~ st211da.rclized.· s~.mnle ,re.:parn.tio.n. and 

a...""lalytical proced.ures ( Celen1.<, 1972).. Er.lission syectrosc0py lias used in 

prefe:r.ence to X-ray fluorescencs or E3:or1ic nbsor;ti~n for e numc €r oi' 

sms.11 w8ight of S'1i.:ple r 1:- q_ u.iT.ed tt!lC. r'?:..r.tiv(?ly S €·~~i tive an1 p:rec: .::e 

results ('J.'able Co1~c1. 1). li: is, 1.-.c:cc 



TAtLi!! co:mL. 1 A coinparison of L'rlstrumentnl techniques employed in t:1is thesis and in other 
geologic:-i.l npplications 

ro.n·c:P.\L APPLICATION 

(:,1j = ::a.j or oxides, 
Tr = Tr.: .. ce cln:ncnts, 

smSI'fiVT.:Y 

=t•"r",f'l• T (o':'):n•:u1 ) r: ,:~..., .J-i.J,i • ,, . .... 

J.!: !.1,TiiI3 ~I/.:E 

(~=!:.l0\7; U:1;1odcra te; 
F· = fast) 

·,•1::.:l~Irr OF SA:. PLE OR 
VvLUi.3 RE'}UIP~D & TYPE 

OF SJl; ·.PLE ACCI:P'fED 

X-RAY 
DIFFRACTION' 

1 to 5% 

1 - 5% 

u 

O.OSgm. 

POiiDER 

Chapter 2, 
Cln.:, 
minemls are 
qu•intitr.. ti vely 
d::.fffoult 

X-RAY 
Ftuoru:scm:cE 

l.ij, Tr 

0.5 - .5% 

HF 

200rngm. 

POWDER PELLET ., 

Smales and 
\'/r.r,cr (1?r-o). 
80 elemantfl 
c11n bo 
3.Mlyscd. 
Seo al:;o 
Hntoilincon 
( 1971 .. ) 

EMISSION 
SPEC1£ROSC OPY 

Tr 

1 ppm to 2/1-ppm 

3 - 16% 

F 

1 Omgm. 
PO,'/Dfill 

Celanl::, (1972) 
I.:o, V, Z,1 llh 'iu 
poor 
sensitivities 

ATOMIC 
AB~OHP'L'ION 

!.!j, Tr 
(o.lknli 
rr,etn.ls) 

o.01ppm to 
0 .Oppm 

2mla. 
LIQUID 

Brown; !'lfl' 
(1 ~,,c;~)°. 
Sen:: : t:i.vlty 
poor for Hg, 
Ti,,.:i,Pt,Sn 
nnu Ge 

EI.,EC1mm SP:rn • 
R;;;::,Ouiu;CE 

Tr 
(ionic species) 

-'j -12 1 0 • to 1 0 molo s 

F 

3 0 $201!1. SOLID, 
LIQUID OR PQ·., DER 

.Nhiff'~n ( 1 963) • 
Useful for 1.:n, 
Fu, Cu, Co. 
lfon-des truct:l ve 

I-' 
-.l 

"' • 



q~2. ~-[ .... _ .... l, 1ti·r., ~ pre se.,..,J..,. J·.!" . . ". ,..., __ T"l.plR!", . ·, ,.J- •" n+1•e .. .1 r:, - ~1- !,. -- - r ,.••r- d a ... , .t:'f~c •:e11.L"y , .... " -- ,., _ .1.• - • ,., - -- • • -.:: v c:~ 1., ... ! . ,;: ._, :, J _, iJ c:.:.·.:; fJ ~ \ -:.: . ~ --i.J. .1. _,_ v.L 

further re s earch on sedh'leL~ s v.sin.:; ttl~ E.clvenced i 1~:1trlG:i.ental technirir_:?, 

will be pursued in future" 

In o:raer to c1eter1?1ine the s -'~ruct ural sitc)s that certai;1 tr~ce 

element s occupy in sedimentar,y r::,cv:s a.11d oonseq·--= cmtly their envi1.·onl'.!le:ltal 

s i tuat ion s a spectr os ccpi0 techr. i oue us e:d eztensivel:y- in c:1er:1i:: t :.-:-:,- '...ut 

alnost unlmown i rl Beolo5;,r , electron z:9in r e sonance, was apnlied to t. ;H~ 

Upper Pennsylval'lian e.ncl LowP.r Pe:-cn1izn shales. A compreh~ns ive l;:i_bliography 

( Appendix 2) f or the t echI'-ique is t ~erefore presented and it3 c~2racter~stics 

are summari s ed in Table· Co11c:i_ . 1. The ionic s pecies of 1..n, Fe, Cu :~r1d Co 

proved particu l arly suitable for exa:.:Lviation by ESl. It is e:dre:-:1el:.r 

s ensi t ive, requirints only a sm~:11 ar:.1ount of sa-:.:yl£ in liquid , solid or 

po\1der fo rrn , and produces results quickly and ch~~aply. G'i!G: other fes.ture 

worth ment ioning is the non-destructive i.ature of t~1e tecb..nique, of ,_.."I' "= &t 

importance Hhen dealin~ with sr1all a.mounts of naterial. 0.f the c.isa~vrmt8.5es, 

the most strik L~g is that quantitative procedures haYe not been c!.eveloi:,ed 

• to the p~ecise level of X-ray fluorescence, for exl!r.lple. Ho1-1~ve::-, the 

advanta3"es are thought to far out1.-1eish the disadva.nteges &11d r.1e.y encou.r~,:.;e 

the adoption of this chemical technique as a stenfard anaiytic~l procedure 

for t·eochemists. It is certainly an area where consider2.ble f:rui tful 

research could be conducted. 
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-
The ar..alys:i_s or"' lar8·e ai·:r-rqs of geoch.er~ic~l end ninera.lo/::ical 

mul tivo.riat e statisticaJ. tachnique·s~ -This e.ppendix eives a brief su.i.i.D.~r 

of th3 ti''!eoreti~al and co~putatiar.;;.l asp~cts of these statistics ?.nd s 

discussion of 9ro'blens associate& with their use in the cc-nt€!xt o: .L. • 1,!ll.3 

thesiso 

a) Arithmetic Hean 

as the sum of all observations (X.) 
J. 

d.~vided by ~he number of o~servation~ 

(n). n 

X = 
-~1 X. 1= l 

n 

This statistic is of fundanental irn,o!:'tance in the calculation of ct:12r 

parar:1eters ( st81lda.r<l. deviation, s~<:e1·.rness, etc.). 
• 

b) 11edian · 

The median is the value cidway in the frequency d.:.stribLtticm. 

This is a useful measu~e of central tendency in ~uch cases where occ:.1:-:-rcr.~e 

distribution eiven by the mean. In an u.ns~rm.inetric distributior,, the 

t. 1 .. ' •· .• 

r.i.edie.n as a tyr,icgl v~J.11.P. is R more suitable me2.su.r2 than th2 ~e~.n. On 

communicates the s3Ji.1e t:1inr:, the :p:·dnt about which i;~,~ ~·ur1 of de,rL0 .tiot?..;:; 

is zero. 

c) Hode --

va1u128. However, as -!:;he r:100.n e.nd mcdia11 prov l<ie o:·ee.ter inf,: l'.'r.'~\t5.on on 



a.) V-:~:d.anca P..!!c.!. Sh>.r-•~.rn:d. D-2. ,rif.~1:icn ............. _____ ,___..,__..._ _ _,.,.._ ... ....,. ____ _._. 

The folJ.owins equ.?.tior.. r.ieas1.1Xes tne £p2·earl or dL:pe!.·sion about 

th·:? mean ( Vft.:eiance) .. 

= 
!1 - 1 

v alue. C..)nverseJ.y, a lare e strntl~.rd deviE.tion inc.i.cates th~~ values are 

sca:ttered wiclely about the mecm .a_~d ... c:'1e tendency for central clustarir..g 

is ,.,;es._1<~ In chc se.me rwnner as t he arithmetic TIJ.ec.:1, this statis~ic- is r1ost 

appropriately applied to a r.o::-r, ::l dis-cribu-l;ion. 

e) Haxirau..rn end Einirrnm .,....,.-' _____ ,.....,..-----. ........ -
These give an indic2.-cion of the total ra.nse of values c":r1.CO\~nterec. 

f') 

Cor:iputa·~ional procedm:·cs used to cv.1c,_1l?,te tha ra.riance 0£ a sir:t:;le. 

pro}Jerty, c2 . ...Y1 be ext en ~ed. to c~lcule.te a ceas~rt'e of the rm.1.tual va:cia.bili ty 

in a pair of properties. 'i'his te~ed the cov~i_ance, is the joint 

variance o.f two variables about a co1!!I1on r.1ean a.r,.d can be calculated using 

the standard eg_uation (Davis, 1973): 

ll 

xj) -
CoYjk 

(x .. (Xik ~) = j~l l.J 
\1 - J. 

l,1n.nn::>.._• .. ,1ct ~n.flucmccd b~.· mc .·:s'l.U't-Xl units, "'·ha ~OI'I'n1 nt2·,.. .. 1 ''0''ffici',.,. . I ,:., - - \.• •· ., ,_-_._,;.,. ,, . '"' '-' . . ·- r.::J 't I r, 



is used. Cor.cel2.tion is the ratio of the covari2_.,.1.~e of two varie.bles, 

j and k, to t:O.e p:r-oduct of their standard. de;ri.a.tions: 

l." .k J .. = 
CoV.k 

J 
s. s. 

J J~ 
= 

n 

z: 
i=l 

(x .. - x.)(x.1 1J J 1C 

As cova.ria.~ce may equal but not exceed the product of tha st!3.ndard 

deviations of its variables, correlation rru-iges from +l (pe rfect po8itive 

linear correlation) to -1 (perfect neeative linea:c co~elation) ~-;ith o.o 
r 0pre~e~tinr the lack of a._~y linear correlation. ProbJems caused by 

sa~pling a population (Griffiths, 1969) Cal! be overcome by testing the 

ccrrel ation coeffici ent against a t-clistribution usiEg the relationship: 

t = 2) 

·with n - 2 degrees of f:reedo!1 at the 95% significa.:ice level. 

:Both the correlation coefficient and/or the varia.nce/covE:..riance OB.trix are 

used as the basis of many multivariate statistical techniques in 

classification studies (see: Classification procedures) . 

2. .ANALYSIS 0~ VARIANCE (Af-TOVA) 

Where two or more sets of data are to be compared, the ane.lysis-

of-variance procedure is appropriate; it is one of the most versatile 

tools at the disposal of ~eologists. It is, ho·.-,ever, necessa1."y to decicie 

before startine any experinHmt, wh?..t ·the seals are and uhich desisn is 

most suitable for their achie~rr:?ent. ~1he types of experimental design i~ 

Geolo r;ical 1...se have been extensively discussed oy Drumt &i;1 e..nd Gr?.,.rbill 

and en::i.llrs:i.s of va.~ience used in t~'lis tc1esif will be consider~d he:::e 



8,) 

In this ~alysis, a linear i:1oc.el is used which states that the 

value of any -obs·~rva.tton (i) in a "treatment" BJ'.'OUp is com:r::osed. of a 

sim:ple sur!1: 

xij = 11 + a j + E" i ( j ) 

\•;here 11 is the mean of the j "treatment" populations, the effect Cl'. . is 
J 

associ?,ted with the particular "treatment!' j and E" i(j) is t!1e random 

error term. The co~pl€te JJ :·o-vA table for a one-way desien in shmm in 

Table Al.l. 

b) Two-wa.y AlTOVA 

In this ex::_JcriD=.-nta:. c.esic1, there a.re t•.:o cifferent sets of 

"treatments" which require analysing. Each observation X .. nay be 
l.J 

expressed as: 

x .. =µ+er.. +/3. + (u./3 .. + E" .. ) 
l.J l. J l.J l.J 

where ('l'.i' fJj are the w.in ef.fects of the two sets of t:reat?;e:!ts, 

is the interaction and E" is the error tern. ij • 

c) Two-wav .. ,~TOVA •.-Tith ~e..,._licfltes 

,.,_ /3 .. 
l.J 

In ~any geolo-:-ic2.l it is necessa2Jr to assess the effects 

of cc: i separately from f3 j. This can only be achieved in a two-way Al:OYA 

c, F .. is zero. 
l.J 

this reg_uirt-~ ~.:e:1t is fulfill::d F.nc~ so a se:n:.ra-te estine.te of the co:· tri"c;uti0n 

O f r~ is nec 0 --s~ ........ - to.r.e-tr..e~ 1·:it~1 ~T')_ 1"?"1::::-o-:1ri::te error terr.~ to test t~'!e ij _ _,. -•-.,;' - -

hypothesis {3 .. := o. liore than one observatiol1 of each tre~.t:.-~ent 
.l.J 

(replicate) in the t•.•ro-uay· classification is therefore taken. 'l1he 

structure of the exper.irn~nt now becones: 

x. ·1 J.J : = f.! + a 1• + ,B J. + a /9 . . + ( 8,.-( .. ) + ( .. 1_,) :.J ... J.J l.J. / 

. whcr€ each observation Xijk contEi.ins ~21 e:stimnte oi' the true mean µ , 



l r;q 

plus a contribution a . fron ti1e first ~ffect, plus a contributi0n {,. 
1 J 

from the second_ fllain effect plus a co1-t rioution cc p .. fror:i. i::be 
• 1J 

inco~s i s tency of a. across 
l. 

fi . plus v2..r:.s:tion fron replicatio!l 
J 

0 , ( •. ) K 1J 

and variation fron all other sources e {ijk) • The structure of the 

eA-perimen-i:; can be seen in Fig. 2.1 and t h~ cor.i:pleta Al.TOVA is set out in 

Table 2.1. The significance of the mean squares can be assessed using an 

F-test or variance ratio. Th,...ee assumptions are, however, necessary for 

the analysis of .AT OV.A resul -t s by F-test: 

1) 

2) 

the observation£ X .. k are random Yariables, 
l.J 

the vari2.bles are the s-µms of the cor.19onent variables a . 
1 

and /3 . , i.e. 
J 

= 'Z /3. 
J 

= fa./3. 
1 J = 0 and 

c,a 2 , 0-.e 2 and ere 2 , and all covariances are zero. 

This implies no interaction between the Yariables, but usine the 

Al!OVA tests described above, eny interactions that ma.y exist ca..11. te 

assessed and their significai.lce tested. 

3. 

In c~ological studies, it is often important to detect overall 

trends in a c.a-:: a s et, e. 3'• th~ tre!!d of q_ua.rtz content in e set of ~frl?.le 

samples from a borehole. This trend can be represer.ted by a li.~e of 

best fit c a lcuJ.a ·~ed by the method of least squares: 

where 

Y. 
1 

,,. 
= Q'. " + fl X. + £. 

1 1 

E. is a m=asure of "error" or the emount by whic:i Y. departs fron 
1 1 

"' the lina for all Yi at a e;iven Xi. a and fi- a.re estirun.tes for the best 

fitting strai:ht line to the observed points where « and /3 re!)resent the 

interc9pt of the line on the Y e..~is ~1 .,1 the sloye of the line, .,..eS!)t::ci:brely·. 

S:he 1.:.ne o: "Lest fit", is d1.."\.i'inc-u e.s timt line which r.rinimizes i 2 a:-id 

is calculated usinc; thP. fcllowin.:... expres~ions: 



Source of 

v-arietion 

Among 

samples 

Within 

samples 

Total 

variation 

Sums of 

squares 

ss A 

1'Iean 

freedoLl sq_u.are 

m - 1 

1-ISA 

N-m 
., 'S_ 
.;·1vl 

N - 1 



n. n 
Xi Yi - ( , 

I. J 
·- , I 1_. ) 1! 

·'· 
l=J. i=l 1=1 -~-•.-...-.--·•--·--a.._ ___ ....,. ___ _ 
n .!'l. 

2 r. 

L }: . ( L -r ~) I Ji . r.:. 
i==l J. i=l 2 

:n n 
i-: -i 

= j-=1 . .-..-. = y 
n n 

The ;nin.i ~izing .fun~~i ')r: f o:c -tts prE:viol'.s eqtt2.tion 3 is: 

( ,., )? Y. - Y. -
J. J. 

= t1inimur.1 

1£1 .. 

" {3 X 

tih ~:::.·e (.t. i s the estinated value of Y. ~or snecific v2.lues o~ X.. ·.-~e can 
.l. 1 .r' .l. 

d~fi n8 t hree te1.ns 1 .. 1:1ich e:x.:9!:'ess v2:r.i2.tion o!' t:1e deper,uent ·,ra=.:ir:.ble Y. 

2.) Total sums of squares 

n 
n ( Y. )2 n 

Y. 2 5.=l J. 
Y)2 SST = L, = L, (Yi -

i=l J. i=l n 

2) Sur.1s of sq_ua:res dua to reg.L·essi ')Il 

11 "' 
n ( L, y. )2 

n • l. 
,. 2 i=l I\ 

- x)2 ss C: 2: Y. :::. L, (Y. R i=-1 l. i=l J. 
Il 

3) Su~s of s quares due to deviations 

= 

The vB-riance str.i.th',tic$ for the lin2ar reg!.'ession (Table Al.2) c:-..n 

be u£ed. . to test -t:ie sic:-d :icance of: -~he line. .~not her useful sta.tiztic, 

the ,woclnGss o.f fi.t o .;-: the liue tG t:1e . points, c~.!l be deJ'ir.ecl by: 

8S!i --SST 
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Table 8,,8) 

Source of St1.r.1s of nc;,rees of Hean 
F-test 

variation squares freedom squares 
.,,,,-

Linear 
SSR 1 11SR 

regression 

Deviation SSD 2 HS HS 
n - R D -NS I) 

Total 
SST n - l 

variation 

• 



Overall +rGr. J,-:: ~ <::- 1·+ Tr - c-: ,...,.....1. M.::,Ce,S-.'=':,...,. -'-o ln".>- ... t=, a \J '-""...., ;.J t'•r."'~-..., ••'-- &., .., , _ V .')~..,• _, c;;,,',_ 

4 .. z~)JI.:;~ t1f~Il 1G ~ -~D I::~,:~1.;.·c::.'i.~Ir:~ c,·? !)~ •i:.~ For;:~s ..-.-- ---- -·------·----,......._ .. _~ 

It is necess.9,r~/ fo!: time-rtrenc. analy£is a~d fou:rier series 

analysis to ini}1:t a se. r: i es of ree~larl~r spa~ecl data poi~ts. i'he ~atu::-a of 

spa.cec. SRF:ple ccJJ.ection from the stratigaph.ieo.l c0lt1r.~11. A series of 

eq·L1.e..lly sp~ced. data p05.r!.ts were therefore cP.lcul::!ted. fro:.1 the vari':..t·ly 

spaced data points usine linear inte~olation, tecI'j~i~ue describea in 

detail by Davis (1973). 

One objective of this thesis has been to det~ct periodic elc:-1er.ts • 
• ' • 1 :, • 1 • 1 d .J. A th d ,I:' • , 1 • ' +. • ~. in geocne:~ica a"'la. minera_o :ic::J 0,1,e.. me o O.L .• J.e:i i.:n .. ing i.:1ese 

oscillations is by fil te:rin8 the data. If the observattons are considered 

as t\/o parts, cJl underlJping long-te:!:":'l si,g:al or meanin2"ful patte:en of 

variati0n and a superlnpoEecl :1oicc or ranclon variation, a:1 erJ12.l7.ce::ient or 

the pcriociic sis:al c~ be nost e.Lfectively ac:'lieved by reducinc; the 

va.ria nce of the c.rlc) .. 11a.l seq1J.ence v.sin3 a simple moving aver~.:;e fu..nctioJ1. 

This da..i1pe11~ tl:8 sho.r';-teri..:1 hoise m<i ,:ives a cl0urer vie\·l cf the unr.erl:-'ir:,; 

of the cnrves. 

Whi ttal:c1: c1.ncl .ito bi ueo .. -i (J 929) h<!v~ rn.',) posed n mmber 0£ :·,:oo·~>d~·. •'.:.: . -



and i;:ineralce.Lcal d£i.ta. Su.r:,rn-9.TY ste.tistics for this type of anaJ.ysis ~.re 

seen :i..r..: Ta.blf.: Al. 3,, 

Examples of the ute of this technique in geolo6J can be fo~nd in 

Fox and B:rown (19G5), Fox (1967), iierriam (1967), E"arbough and I~er-..ciarn 

(1968) a·~a Davis (1973). i;:'he mathene.tics of time-trend analysis a:re 

disc~ssed by Vist~lius (1551) ar..d Fox (1964). 

6. FOTIRIF8. SERTES .:\2:.!..IYSIS 

Having unmasked the underlying sientl by SI!loothinz the raw data, 

it was necessary to estabJ.is..1-i whether this signal or even the rau data 

had any cyclic or repetiti-ve elements. ':lhP domina_-rrt periodic component can 

be calculated using the Fo-.rrier series: 

co 

= 
2n rr X. 

(ex cos ---1 
n + 

2nrr X. 
0 sin ---1

- ) •n 

i.e. the amplitude Yi at t:ie point Xi is determined by the SUI!l of the 

amplitudes of the component sine and cosine waves at a distertce X. froo 
l. 

the origin of the series. 

In geology, Fourier series has been used on a variety o:f 

stratigraphical, sedimentolosical, geophysical and X-ray diffraction dat~ 

(Preston ,md Her!c.erson, 15=54; Harbou~n and l·~erriam, 1968; Davis, 1973; 

and Luri..n, 1974). 

EF?.2CT C"'.r CLOSTBE --
It must be noted ~het the 5eoc:euic9.l end mineralocical d a 

created in this t11esis wi"':"! tne exce-,tion of EGR dat'l, .forn c o~ d rl t 

arrays i.e. the "Tariables ac1.d up to a ccnstant .,um, 100', •• The clos o 

a data a.rra:;,r is known to 

Sarmanov, 1961; Krurnb in 

roduce . uce corr 

d Graybill, 1965; 

' 

, L, • 
-c l. ( 



For or i ,:ine.l data 

ss 
0 

ss 
0 

::: 

n 

= 

Y. 2 
l. 

Y.2 
}. 

For sn oothecl de.ta 

* n 

= 

For deviation 

* n 

= 

Y.2 
J. 

* n 

n 

* n 
( Z: 
i=l 

* n 
( 
i=l 

n 

n 

A ? y ,-
i' 

JL n" 

Approxi~--=1te percentage of sums of squ.~.res 

• 100% 

•• ,: c; -- - .,,,,,, . 

• 

lhere n is the nn.JT1bc:'.'.' of d..1.ta poir;.ts in the original se~uc)nce a.-rid 
-~ 

n is th,~ number o: dat a point.:; in the smoothed sequence. 



and GhayE: }~ , 1971). i"o:" ex~·.rnple, in a three component system, t~11::;re ,-Till 

always be two nezative and on. }JOsitive (!on·el~tion.s ·,lha.tever the 

vari3.nces . 

Methods of assessint; tha effeci·s of closure have been :i:n:'Jtosed by 

Vistelius :,nd Sa.:r-man ov (1961) 1.-:::0 su.::sested t 'ri :>.t 821 n .. lueJ in c:. r.aio-r 

ox i de ar. •;tlysis shoul d be dividt:?cl by t'.1:? ox:c·l:er4 c'Jnte!1-t &nd c::1ayes ~nd 

KrusK?.l (1966) and Chayes (1971)· who su~e;est the use of IUe:gli Veriution 

diagrruns i n ov1::rcomin5 closure ui thin ternarJ a!."r2.:r3. F.oweve~, i::~c se 

r1e·· : ocls .2 ·e been critically ex: oinecl "Jy s!:.1-,a et 21., (1974) anu found to 

be 0.11.. L';)plica.bl e i ~. rr:od.al analysis -:. Ihe!'l t he n-t1r.:ber of Yar:i.a::.13:; is hi[;h, 

t • s3n. l size is large (greater than 30) and t!--.ere is ~o nec2.tive 

e l ,., .1en-t in the ve.ria."1ce vecto:c of the corres:pondin_s- open variables ( Chayes 

and l' ruskal, 1966). As this ~1as not the case in this thesis, it ,1a.s 

cons i tleretl more appropri~te to assess the effects of closure at the 

inte:r-prct 1tion sta,:-e rather than in the data. analysis. 

e. CLASSI.!?ICATIO:r :?RCCEDU:D:'.S 

• 
~The procedures used in sections 9-11 are all multivariate 

classification techniques desi87Jed to place "similar objects into an 

un1mm-m m~ ber of distinct e-.cou:9s, with the objects in each cateeor.," being 

more similar tc each other than to the objects in all other cate0ories" 

(Parks, 1966, p. 703). A variety of techni~ues have been used £or 

classification purposes ( Sokal 8.=id Sneath, 1963; ~·!ard, 1963; HcCB.I.'ll!lo::1, 

1966, Parks, 1966; 0:mard, 1969; iiol!a.rth , 1971, 1973; Davis, 1973 end 

David et al., 197 4) but in this tnesis er.iphasis is pl2.ced on prir.~ipa.l 

components a_~alysis, cluster analysis a~d ~ultiple di~cri~j::1nnt 2.1 .alysis. 

PRHTCi i-'AL CrtTO!•T:SWi1S ll,." \LYSIS 

This technique, e.eveJopcd "iJy p3ychologists in the 1930's and 



1940' s ,. has ·t.,ecorr.e 2. sta.Y1aar0: s~olo,:ical p:!'ocentrre ir. t~'le pas~ dec~de. 

The theoretice,l details of r1rinci:9al componen.,:;s 2J1alyais (PCA) e.re 

:prese::.1te:(l i n Cooley 9.r:d Lohnes (1961), Cattell (1965), :fo.rm.an (1967, 

Mather (1969) a..'1<l Ii2.vis (1973), •.-rith a coverage of !!lodern develo:p:nents by 

11ather (197 3). !~une:rous exar'.iJles of .:eolo~ical a"")plics.tions ca.'1. be found 

in K-r1:unbein (1957), Imbrie and Purdy (1962), Lrnbrie (1963), ~illLTTibein and 

Irnbrie (1963), II!l"::>rie end :~e~·mll (1964), Ir:f.1rie and Y!2..n J..ndel (lS,-6~), 

Hanson and I mbrie (1964) s ii2.rbau3h a.l'ld I;enirnen (1964), EcCaln.'Ilon (1966, 

1969), Eie s c!-1 et al. (1966), !·!ebb 2-TJ.d Bri:;,:s (1966), Griffiths (1966), 

(1:;6.:), Garrett and .1..ichol (1;;69J, 
Kh~leel u8 (1969), Davis (1970), Henley (1970), ~owarth (1970), Obial (1970), 

' , '"'72) - (la~~ ' ..1. ., (1G7..,.\ J..) , 1..2.·c-;Je2..u ,/ f) 1 , .. t20 a 11 2...1.. ,., ) 1, Size (1973), ~ill c::...,~ 

Col ley (1973), Saae;e_r and Sir-clair (1974), S-ymons a.l'ld Tie Heuter (1974) 

and H&.itr and Stenzel (1974). 

The purpose of principal components analysis is to evaluate tl,e 

structure of a variance-covaria.~ce or corl."elation-coefficient E:12..trix (a 

standardized variance-co,rariance r1atrix) of a r.ml tiYariate date, collecti~n • 

• The structure o~ the data can be thought of either as a series of vectors 

in 'r.mJ.ti-di~ensiontl sp2ce, re,resentin~ the variar.ce and covaric:..,ce of 

ee~ch ,,aria:)le, or i..71 the forL'l of an mxn variru1ee-cova.riance M2.t:1."ix (m 

equals th~ nu.~ber of variables). ~-itie vectors or ele~ents of t~e natrix can 

be re£;:-i.r ckd a s ciefinin.:: ::;-oints lyi __ 5 on cm n-dinensional ellip~oid. =:::-.e 

covarifmce is E.lwaJrs syr:unetrical, these m eiee:..vectors will be 

orthoeonal. Thus, the method of corapone:its analysis essentially involves 

the rotation of co-ordinate ~es to ~- new frP..I:1e of reference in the -totf'.l 

v:iriatle space - an orthogonal transformation wherein en.ch of: the m 

original variables is described in terms of m new p:rincipal co:nponents. 

The total varirnce of the data set can be defined as the sum of 
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the i nd i v i dual "1&-r·ia.nce -1 .. SiFiilar l: 1 the -prjncipai axes also rep~esemt the 

tot:::.l v arie ..... c& of t he cl2:~e, set (Davis, 1973), and each accounts for an 

a.r.:ou.nt o f the tot F.~ vari~~ce equal t o t~e ei s-s:1value divided by the trace 

of the matrix (the diae onal of t hP varianco-cove..riance matrix). The 

elem2nt s of t he ei~er.vectors called loadines (Table Al.4) a.re coefficients 

of tne l inear equation uhich t ,12 ei3envector defin.es. 

Ex:ar~inin.3 the r au da.ta, it nay be il!lpcrative that the data set is 

r educed t o a sr.:2.ller mmbcr of variables. This be required 20 

redundancy is a c o!!',rnon f 0a.ture of .geoloGical da·ca. A red~ciic:1 can be 

ac'.1i eve :i_ b~r di ~·ca='l i n...-, ei the:-c ori5i .n2l v~ria'Jles (reducin~ the tottl 

v ariance by t he SUI!l o f the vaTiances fer the discarded variables) or 

C ,-,,-~· - .-:- . ' •.. 1 • . • 

p r i ncipal 2.xes and disce.rdi:n::; the insi.311ificant coI:19onents. As 

inevit ably happens that at least one of the principal axes will be more 

efficient (in terms of a ccounting for total varia.~ce) than any of the 

or i ginal variables (ioe. eigenvalue > 1.0) we caz1 assume, therefore, that 

any c orr.~onent wi t:1 an ei ::;envalue > 1.0 is sicnific?..nt - a rel::.tio::shi:r1 

k no':m a s Kaiser's Cri te-rion ( ~t1ild.s, 1970). Another :eet:iod advocated by 

Cattell (1966) ?..nd k:no1.m as the Scree test, is the !)lottil!.? or ei:-:enva.lu.9s 

in descendine nur:1erical order and no-tin~j 2r.y major brea...1< in t:ie plot 

indicative of falling sienificence. Both :rr:ethods 1::rere used in this thesis 

. , c-, , , ... ... .. 
,J - --.., 

components, geolocical interpretation is often difficult~ In order to 

sim1)lify interpretation the component axes i:r1.~\r be rotated , retaini,.g- their 

ortho5onali ty, to new axes where component lo?.dine s are ms.ximized. In this 

that fi nds a beBt fit position for the P-xes. Oblique or proma.--c rot f"~tion . 



TABLE Ai .t. --- ..... Com1.Jone11t loadings matrix showing the relationship between communality and eigenvalue. 

COWiPCNENTS 

1 2 3 4 5 ,. C or.ununali ty ,l 

n 1 ·X11 x12 x13 x14 x1s ., .. x1n r (X,! . ) 2 
j=1 I J V 0 
n A r 2 x21 2 x22 x23 x24 x25 ••• X l, (X2) 

R 
2n I s 

n .A A 
3 •) B l,i x31 x32 X33 X34 X35 ••• x3n l' (x ... r-

J
. __ .,,. .).] L p 
-I ? L ~. 
n s E 4 X41 X42 x43 x41+ X x4-."l ( \2 s 45 ••• J x, ~/ 

.i=1 .•• , 
n 5 x51 x.52 

.,. 
X54 X55 x.5n ( ~r )2 .li.'53 ••• -~ A5J' J::1 

• • • • • • •• .. .. 
• • D • • . . .. • • 

l1 n X xn2 xn3 xn4 V X -~ .. (x11j)2 
n1 ., 

""n5 D • • nn 
J•- I n n n n n n n n Eigenvalue 1: (x )2 (Xi2)2 (Xi3)2_ (xi4)2 ? 

(X. 'f 1° L (X .. )2 }: 2: .i: (XiS)- •. • i=1 i1 i=1 i~:1 i=1 • in . 1 • J.J l.=1 l.=, J= J.:..: I • 

,_., TOTAL VARI.f\HCE OF DATA C 
''I 



compone!".t s. Ho•J0v er, t11e rotated axec; E:.re no lor..5er or~hogonal but ooliq1.~e 

with re spect to each other. In practice, ::cotatior: rf!sv.1-:ed in slisht 

accentnr,:t i c n and clarif ic~tion of the corr.r;or.ent~, but these benefit3 '1ere 

offse t by p:r:-o ble r,tB of inter_p:r·et e.:tion8 Sf1!1ilar re sults were obta.inerl by 

fil1a lee lee (19G9), 

Crit er ia fo r a ::;cessin1 the significance :;f component loadings 

h ave bee:n proposetl by: 

1) Gr i f fi thn (196G), w:10 s1.v;.::;c~-;t&d exat.uning tha sta.ti:;tical 

t able s f or a cut-o.:f v a l u e ·:hic:h is significantly above the 5~ 

pro bab ..:.. l i ty l evel. Co~ponent 102.dir.gs less tha..'1 t~s v2.lue ara cc:,sidered 

to be i n s i c,11 i f ic:in.t. :fo• .. rever, ~Ji th a larse nu.mo er of sa::!:ples, -l;he cut-

off l eve l n ears zero an d the method becomes mea.nin5less. 

2) C!lild (1970), ":ho estimated thc1.t component lo~.din:s ereateJ: 

t han Oo3 (absolute) are significant, i.e. loadings repr3senting &t leact 

10% of the COMmU.n2lity. 

3) Henley (1970), ,-rho dE'termined the level of si~ifica..--i~e 

usi~g the empirical relations!lip, 

r . = sig 

.for which large nunbers of sarriples or variables 0ive values similar to 

the usual 955~ sisni.ficance level of the correlation coefficien·t. 

In this thesis, Child's rule of thumb methoo was us~d II!ost 

extensively. The Sphericity test pro~osed by Baxtlett (1950, 1951a, 1951b) 

and described by Hope (1968) has been extensively applied, but principally 

in the soci~l sciences. 

As mentioned previousl~', the interp:!:'etation of the variance-

' .. • ' .. -· . .... 

scores aua disc::--.ruin~..:; -Lue irrelevant axes. Component ccores nri? ~imply 

the projections of ell.ch oricine..l observe.tio:1 onto the princip'll P..Xcs. 



-t.rlc: c o ponent s cores $0 th2.t t ~:ei::= v ~.~5.arce becomes one. 

t o v 2ricu~ lir:-, i tat i ons of F!e tec:1.:1i ou '= 0.f ,rin~ipal components 2.nalysi~ .. 

:-!) Lis-t':ci t 1xtions sho1ll d :1ot be excesdvcly sk e~1cd or illll1-:i-r:1c:,i:izl. 

::: ) Ohl~ _ue ~oh1..t i ons i nt 2·oc.uce greater su":Jj ec t .::vi ·i:Jr into f'" .. 

p1: o cess 1 e~dy arbi t ra~r. 

'i1::e fi .:cst ti:o o f t ~:e[. e lir.ci-c ::~·1; ions were <li::ficul t to 2.6.r..:;Te tr; i12 

t~ i s _ t.h~sis en d thus ca.re r..ust be ta:rn.:.i. uhen consi( e1.·ir1,:; the invcstie;ato:r s 

Surnrn!:trisil: .Cl' , thPrPfore, :9rir.ci_-al components anri.lysi.s is a standc1.rd 

to obt a.i n . indc:0endent v ~Ti 2.'-Jl e s (redundancy is re~oved). 

10. 

Cluster a...7alysis is used p::·i1r:a.rily as a n.e2ns of clE.ssif ying 

it cliffer~ 

in "the form of a hierp_,:-c:.1 ioal dendritic net~•:ork (denc.1.ro5-.i:-a-:). 

'l'he tec1mique is ex-c e:-:.sively used in ti e bi0lo{:','lCl'll Hcie:1.ces 



Theoretic~l &specto are 

Tryon and C:ail 0;,.- (1970) e.:!d De,vis (1973). 

Ch~ster a:.,e.ly---i .... is B- t•.-;o,.fold • ~roc2~s ir.-;olving: 

1) 

coe ffici ents are avail&ble in ~eolo2.:t (Cuoitt, 1970; Sepkoski, 1971;) t~t 

cons iderJn.1 t h e variety of data types recorded in this thesis (pprr. 1 

perc-=nt , pe~r 2:cea, etc.) it was neces8a...ry to choose a similarity 

o.·:e rei·, Fhere neasurer.:en.t u_nits were consiGter:t, a dist2nce coefficient 

w2.s e .pl oyed. 

2) searching the sfr1ilari ty matrix for the variables or Sb.:.1pl~s ·.-Ti th 

t he l :i.:c~c s t sirnilari ty coefficient. ffbis pair by pair co~pf)..:ri~ou of s~-:iples 

or v .s.riables results in a two-dimensional representa-:ion of the rel::--!;io:.s:· i-p.s 

known as a o.enclrot--rar:1. 

The <lendro,.s-.car:i consists of a nUI!lber of clusters 1,1hich are norcc.lly 

• rrnl:2.rc,te--:. t },J.'Ol} :_;'1 t~ .. -~ :::a: jncti,:2 c~1oice of D. si:lilB..ri ty le,rcl b~r t:~e 

investiL;ator. ~his o~ten produces clusters that are not discrete. 

However, the choice of similarity level he.s not }::roved e.s· s~vere a 

hie~archical classification. This process involves a reduction of a~ n-

dimensional spe.ce to a t 1.-10-dir.:ensional S.)ace, P.P .. tl consequtmtl:", induces 

be accentunted by t'1e ~nhjective c:---oice of si:nil~.rit~,. level. .:.·\a:-thP.r:::ore, 

in the clendro :r.:-ao, rcl .. tionnhip:, between indiviclucil members of one cluster 

and another are poorly de.fined. (:x,yce, 1968). ,·~cGc1J.uno"l and • :e.Vli:1.;-2: .. • (1970) 

similarity Pnd bet·.-rec-n-clustcr aimilari t~r in a n~ocJified dcnc~_·o.:rrun. 

However, the 1Jsc of disc.cininc..ri-t anrlysis (:;ee n..:x"t section) proved to be 
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Therefore , clu:Jter ....,'1alys is s·i:ill rer e.inz a 90 reriui tool for the 

rep:=e s.=ntn;t;_oa of gen1;;:r~:li:.:eci. grou:9 rela.tio::s11ips and it has a. dis-:inct 

a clvantag~ in the ease of i::terpr6·~at i or.. 

In thi s t he s is, Q.- no<l e elm; b r e.nalysis was used -!;0 classify 

sa.mples into c:ron:ps by one of two -p:cor.esses. T.ne procerlur~ described 

previous ly wa s uzed to 6enc:rete a c.lenu.ro.::;.ra;.1 p~ovided t~ ... ere was less than 

50 S8.l!lples ( due to limitations on cor,yJuter. s t ore). '..'hen the analysis 

involv ed more t han 50 "'amples, the follouin~ distc:.nce procedure was 

a dopt e o..: 

1 ) computation of a, Q-mode similarity ma.trix from the compone~t scores 

s e e prin cipa l components ano.lysis). 

2) clustering- by an age;lomerative, polythetic, unwei~hted ptir :?TOttp 

algor itlm (Sokal and Sneath, 1963). ~-:i-th only the highest sit:rll::..ri-:y 

cocfl'i cie nts stored, t :ie procedu:::-e iterat ively re~oves a p~ir of s~:pl~s 

with the highest sinilari ty, recP..lculates all relations.hips using avera13es 

for these s 2.l!lplzs and ~l~ces t~e n~xt hichest ~imilarit~ coefficient in 

the stor·e. 

3) production of a denclro:;ram. 

Ho11ever, tne latter procedure (an adaptc3:tior.. of ar. algorithm 

dendro.r~rams cE.1_:secl by the pair-~'O"..l":) m':'thod of clusterin=· 

11. 

Discriminant analys is differs from other classific&tion techr-iques 

i n 

samples within a c::roup. In the context of t;1is thesis, disc1."ir.1ina11t 

ano.lysin is u~ed to test the dh:cretenes~ of sar;,ple ~·.!'ot.p3 dicsti."1-:-,'lished by 



c}uster 

It is one of the r.:.ost 1.:ide~y 1...s e-d stath· i.ical technir1ues in the 

Earth sciences a .. nd als,1 en~ of tne :-:-:02t _pm·:erful ·i;ools of the r,u'":lerical 

analyst. Altho uc:h r:eveloped b~ . .r Fisher (19~6, 19;.s)_ for an+n' "T'Opolctr1f 
- - _ _, / V - • ,.._' 

di~·cr5_!::i nant PJ1 2.l y8.i..c h a s b8en discu~sed e:r.:tensively in ths liter2.tu~e 

Davi a~a Sampson, 1966; G-,.. ; f'.1"'1.· t.,_,s _ __ _ J.. u ' 19G6; 

anc; ex r·.pl e s of _-_.ealo :::;ica l 2.pplications are nu!.i'~:r01:..s (G:riffit:is, 15'.;7, 

' ~od 1or.1. ,. ' .. '-' ' i-ottcr et 2.l., l- 0C 7i • 
, .. J .,,,,' c- ~1-u 1cr.::ll1 • 

u.-... ' ,.., · . ' 

.... b 1°.,..6 '". • 7, a, .., o ; 0nr-e-,.0·n 1ot:9. 
.JO... ! • ..._ .I. f _/V ' 

~· ·a:r·•th 7 971 19,...1 - .v .. - • ' - ' ( ' 1972, 1973, 1973, 1973; 

Celenk ~ 1972; u 19,...?• i.l.a~rne s, /-, Haiikins a~d Rasmussen, 1973). 

The yirincipl e s of analysis ~& :iost sL.:::;ly described 

by co11sid.erjn2, the folloHin:.; situation. Fig. Al.I sho.,:s t".10 .:::roups .A and 

"'3 which cn.n_,ot be ccp~raterJ by a lineP..r function in (X-Y) 11ea~u:red sp2.cc. 

'I1h e purpose of discrir.-iinant aYlalysis is to establish a. linear function 

(e.e,-. J - J 1) which ,.fill seJ ai·a.te ::roups A and :3 and raa-tir'lize t~1eir 

discriminant functions is obt...,ir:ed by c~eterminin: the (n :.. 1)-dim~nsiontl 

plc>-Yles thA-t effectively se!:12.ra.te th~ clu.sters of :points reJ resentir:e tl'!e 

groups. T~1e fur..ctions are cleterriinec. oy maxirnizinc t:1e ratios of the 

• -1 
:products r.12J:rice2 s A/.! or ':,' A. In t~1is thesis, :.:roups c- f rrn.:l ti pl e 

observatio:is distin!311ished l>~r cluster l!.1"1alysis, a process thP.t distorts 

an n-dimensional relationship iPto 2 dimensions ( the clene::-0:~2n) > h~vc been 

e:xarniued by discr1 rninc.."1t en:-i.lysi::i for disc!'cteness. In f~c c, ._.i"l.ren t 1,•·o or 

e,T.oup of ~nnples EL1.·e tli~crr:te uni ts, 



y 

DISCRIMINANT 
FUNCTION J' 

• 

Fig. Al. I Geometric representation of two groups of samples., A arid 8., which 

cannot be separated by a li~ear function in XY space but can be separated by a 

linear function J - J' in a redefined space. Their distinctness can be 

measured by calculating the distance between their bivariate m~an. This 

concept can be extended to multivariate populations. 

. 
\ 
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2) to c ~.lcul2.te a s e t of linE:a..r· f1.::1ctior:s :.1:1ich has +.he Yah-:.able 

3) to use the set ~f functio~s to assign 1L~identified sarJples to 

their most likely eroup, a.rid 

4) to det ermine which Vi!riaol~a cont:,:ir,'l1.te r::ost to the inter-group 

differen c e sc 

The discreteness of the group~ can be tested by perfoming ar. 

F-test on the qua.ntit~- 1-::nmm as the: ·rilks LP...nbo.a criterion (A). If the 

result o f the t e st is sienif.:.cant E.t a, given :probability l9vel we may 

r ejec t t he null :iypothesis t ha.t all 5Z'O'll,9S a:-:-e dre:,m from one population 

and c oc 1,.;lur1e that the e-rou:ps are discrete:. Eather (1969) _p::::-ovides a 

and t he F-test but also notes that uhen the ratio 

N m + ff 
.I: - 2 

is l 2r6 e (Anclerson 1966, Eather 1969) where :-r is the nur:iber cf s~pleo, E. 

is t he number of variables and g is the mmber of groups, Ba:.:-tleJct 's V-

statistic (Bartlett, 1941) s:~ould ":Je used as an alternative to the F-test. 

Dernirmen (1969) and Hather (1969), hm·:ever, point out that use of the 

criterion requires non-singularity of the W matrix (within-groups sums of 

squares and cross ;iroducts matrix) ,-,hich in turn requires m lT - g. ~-.rnen 

(1972) :::.l s ('\ r.oted tria -1; nl .l.:'.1c 1.,.:;-!-! -the _/\_ criterio:, cstin:9-.tes the ove~all 

different one group is frO•tl a."lother nor whic:i croups overlap. Exter.sive 

use of the A criterion in thi:3 thesis supports t!1i~ conclusion. 

Consideration of' Ler.iirr.ien' s a.l ternatives to the basic A criterion (.I:ertlrmen, 

Di~crimimmt ru~alysis produces as many G.izcrimin::-..--it f'uncticns as 



arc: i;TLttually or '.; ~1r; r;or:;:!l a..r .. ~·: -ci1e:i_r 'st~·e:n~:th 1 or ii. por·~s"!':ce is r,e~ s1-1-reri ty 

the numeric:i.l Y..:,lur:: s of the -1 u -- A eic,e:r:.v2.l11es. As only a r. '-=L'.:j f,U.!11 of ? of 

(-, t- l r.,.-9) 1-.a _1er s _,,-:; , 

tha t the discrirnin-9ti1 :_ .:_.ower (a qt:2.ntity based on the ei,:;envalm-.:s ru·.1 

calculated for each di'3c:ri1·iinant ) of: the lin8Qr <liscrinin~nt func-i.,ion& is 

.hl tern2.tiv 0ly, CooleJ e.:nd Lohnes (1962) suc;est t!lf!.t discrimincmt fur.c tions 

ccount i n._; for 80-905~ of the discriminatins power could be c2lected. for 

l ater interpreta.tion. Ln practical terms, one is inclined to use e.s Si.:~11 

a L' nh0r of ai~crimin8.:'.Y~s a s :pos:::i"i)J.e, s :J.crificir>.,: inc~eesed po•.-:er for 

0 .cea.t E: r eRse in ,-:orking with a sr..all number of cliscrirain2n--'.;s (2 or 3). 

sar.ip l e s into established ~:coups (Celenk, 19?2). Th~ statistic usad, the 

s taY1d.ard dis criminant score distance (SDS:U) i~ Cc.lculc:.ttd in the follo~-lin5 

marmE:r. Initia.lly, 2: cina:."1i.i t2•- :~:r~o ;•,n as a c1iscrirJir!;11t score (DSij) is 

estimated for each of the 1.mlcn0ims, 

C ·1 i r l. C 

DS .. 
J..J = 

m 

k=l 

f , ..... ,....L..; 0.., y 1· S 
• ~ • • • l'.• L•- •• ' •1c 

variables. Th~se are sirn:::-,ly the pi.'Ojection ·of <h t a points onto an f'-··dn 

defined by t:1c ei_s·envec·';o -: · whici1 !'e:"'ret:er.ts the line ccnncc-t.in ;; the 

multivariate centres of the r::roups b~iri ·; discrin.Ln~.ted (D ... vis, )973). 

( Celen!c, 1972) of the unlmo •:m with respect -to t:1 . !H.H.ll.'•"?st establi:.:~e~i. 

groups. :!?or exc'x1ple, two .:.;·roups A ll~"!'-1 L with I:.!2 ~..!l di:.1c1:i r.un:•nt sco::i.:es of 



1-TDSA im d !·illS "i:) az.-e sel ected f or 1·pa.t'ent~oorl" of the ,.~!'l~criown s~-r,·, ., c t'u) D - ·••-- • • - \ • 

c ~l cu :'.. r~te d f rom t he !ollvwin~ cC1_1.tr,;!;ions: 

For A, 

SDSD = DS u. 

a.-:1 d f'o r B, 

SDSD = I DS - Eli3B I /o-., 
U -' I fJ 

tf'le s me.l l er s co:!:'e bei.ne i nc! icat i ve o·f the 2TOUp ,-:.) s t li' :::ely tu be t !"!e 

v 2.. _·i an ·.:: and s i1all m.cu'oer of sa.r::9l es a..'1.d thF. ot h ~r '4i tt ~- J.:2.r~e • :nn::ber oS: 

i ncli Ti clT,.l spa ced e que..lly '":) ~t~reen the t wo g.rou!,ls, 1-:01.tld ce clc:.s.::;j_fj 8d 

into t he first g-.coup .. 'i:he co ,.putational o_per2.tio!1 e r.i::::!v.si.ses d.ifff-; :i:•ences 

in v ari anc e r P..t hor than p!1y s ica l size of the cro1.:,s wcl. in thi~ c c:.s:::, the 

eroup with t h e l e.r e;er v a ri3...11ce will atr2~t the unkn°'-m. A wei,;bting 

factcr related to the number of samples in each eroup r.ii t.·;"'lt ease the 
• 

p r oblem. 

In alternative discriminant a."'la.lysis al ~orithms (L'i511all, 1955; 

3 o•.-!ar th , 1971) 2 -:-i"l"io r i !)TO b3.bili tics 2i:e t ci~er: into account; to r.i..'t'lir'."i~e 

miscalculat i ons . l-To0ability- densit ;y f 1mctions i"'or el'.ch e-roup :L-i +.~: .:? 

classification f or1ns the b,~s i r. of their e.p_?roc:.ch. Fisher's Z functior. 

( Hays, 1973; ::eye s a.nd ~-!inlder, 1971) 2.l t hou: h not used in this t hesis, 
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:Ba3ic astrn.u:_.;tions about t:ie- i:qm.t d~.ta set required by disc:-:irnin~t 

analysis a r e defined by Da7is (1973): 

1) 

2) 

the obse~..rations J.n each e,rc·;1p are :i~2:1dom.ly chosen, 

the :p:r-obabil.ity o.f a!1 unkno:.:: observation belon.r.inr~ to a.11,r --rroun is - - " ..,_; ... 

eque.1, 

4) th~ -.,a ::cic."' c i:; -cova.riance me.trices of t:1~ e;-roups a.r9 equal in 3ize, 

5) n o:1e of t h e ob"·crvat ions Uf,ecl to c3.lc11.late the fnnction 1.-:e:i.e 

Of t he.::_ , 2- t1 arc t ?-1e mcst tlifficul t -to j"J.stifJr. :?ort::n~.tely, the function 

The :)asic li r.i i t2.ti ens of the nethod are: 

l) de1)c!1dent varic1.bles s:: 01. ld not p1~posefully ½e i.~clu~ed, 

2) overlap of e;-.couIJs rn 2y le2.d to poor evaluation of results ard the 

3) the ,.'ilk:3 Lambda. test of significa.TJce has p:!:'oved to be ineffectual 

in mo s t s.i.tuations. • 
Bearir,g in :oinci. the E.ssun;tions and limi tc'.tions of tne techniqu.e, a 

cli.scriminG.nL alccrit~r.. dev0loped by Hather (1969) and Celenk (1972) uas 

exte~sively employed in this thesis. 

'.i1his section presents a srnnm&x·:,· of the cor:1p1.1ter :proer~";'l::; developed 

.for tl~e r-._;1-2,l:ysis of geocl:?.e!:'ical ancl data u~in'": s+.nt:.sticc.l 

r.:ietho<lF; described previously, ~hG ma.jo~it;}r of pro,srn..'i~ are ~d~pi,atior.~ cf 

Univer~d ty. Ho,·:evi.=>r, & numhP.:r. of' p:r.O.JI.'.u11s wer~ developed oy the :tll1 .. . !or en<l. 



progra.ms ( e. e. Q.-r.'lc<l& cluster 2."1Alysis) m!d Dj~ief (iet~ils of cc!:"·•ute.r· 

facili -ties aJ~ Leicester ~!ot!.lel be cenefici~.l here. 

El lioi; 413q cor!1ymter (rer1le.c-=d in 19'/5 oy a Cyosr 72 com~uter) ,.-,itt 

64 x 1024 24-bi t 110::-ds of 2 second core und :;2 x 1C24 24-bit worcis cf 6 

second cc re . Input can be in the forn. of c:J.rcls, wa:;.1etic tape.::;, :p&pP,?.' 

tapes and from die0s. 1.r.a~netic ta-pes , pa.per tape, cliscs, lir.e1>1.·ir.tar 

and plot t er are 2.vailable fo:t:: ot1tput. .All prozrar.~!') c.nd d·.:1::a ~·,,.~': L-i -ti£..':.ly 

c rd -:r:c,· der ( 400 cards/nin.) to be filr-cl ol1 d.isc (-tr~.nsfsre::eG rates 

the c:n.ta in working s~ace on a system disc. Results were nornfl-Ll~r 

eencr?.ted or. lineprinter pape-:r: (300 lines/min.) or J)G.:1:?r ta,9 (110 

characters/sec. 5/8 trac~~s), alt!'lough SOiiile re£ults \•;e1:e !'e-~a::ned. C:!1 :i.:!.-::c 

• output dendrograr!s and univariate statistical plots on llne. fu.rt11er 

UniveTsi ty Computer 12.borator.r Users l·ianual. 



TABLE. Al •..2. 

UAJ!IE 

1. ELEST 

2. CLUSR 

3,. DISCRINP 

4. S~KtO 

Comnuter ho!'1:"2r:-.s used in t.h:i ::: tr.esi 

AUTHOR(S) 

J.H. CUBITT 

P.AP..XS (1366) 

adapted by 

o. C:C::T,t:;:7K 6: 

J .T·l. CUEITT 

O. CELEi~~ (1972), 

J . T:. ClT:DI'L'T & 

0 .. CEill:K 

J.ll. CUBITT 

·-

?UN~ION 

Computes ele~entary statistics 

i.e. naan, 8tanda::·d deviation, 

hist~gra11s, etc. 

Cor::pu-tes correlation 

coefficients of a nor::1~1ized 

n x m data M2trix, performs 

e ·principal 

scores e..nd a Q-mode 

similarity r.12..trh: using 

distance function. CJ.usteri-ne 

method, produces a linep::·i..T1ter 

dendrogra.J!l. 

Used ~o discri~in~te croups 

a urio~i levc1 ·rron the 

pr2·1ious :pro.:;:ra.r.1. Classifies 

l.lThu10vm sar.1ples. &-p2.J1ded to 

ta.l~e over lOG sai-nples. 

Proc7'an to plot s~ereopairs 

of X, Y, Z data 

?.ro[r.t'ani to ca1culate 

Fisher's Z statistic. 

200. 

LMTGUAGE 

PORTRAIT IV 

FORTRAiT I7 
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6. VARID 

pack2.e;e 

8. COV.t'u'1 

9. CT:USTR 

10. .PJ.iOVA 

11. FAC70 

AlJTROR(S) 

J.H. CUBIT:r 

Subroutines fro~ 

J.C.D0TIS (1973) 

Birming..1-ia.r!l Educ. 

De:pt.(University) 

adapt ed_by 

Leicester Univ. 

Computer 

LaboratorJ 

J.C.DAYIS (1973) 

adapted by 

J.H. CUBITT 

J.C. rAVI3 (1973) 

adapted by 

J .H. CUBI 'l1T 

J.C. DAVIS 

IBH Scientific 

subroutines 

.FffiTC?IOl'i 

Progr2!ls to COI!l:!;nrte linear 

regr-essions~ s~oot3ing of 

data., fourier 2.nalysis and 

equal Rpacing of data. 

Produces plots on a line-

printer and X-Y plotter. 

A serie3 of programs to 

calculate corr9la.tion 

coefficients , principtl 

coraponents antlysis, 

varinax, and prornax 

rotations, factor scores. 

Computes varie.nce/ 

cova:riance natrix of!! x m 

data matrix. 

Con::iutes a ~--:o•-=:.e cluster 

analysis. -.reighted pair group 

method is used with either 

correlation or distance 

coefficients. 

Two way analysis of variance. 

Factor a"112.lysis and varirna..'"<'. 

rotation. 

201. 

LAKGU.AGE 

FORTRA1! IV 

FCRTR.Pl: IT 

FORTRAl: IV 
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U.ANE 

12. 

13. I T:BHTOI- IT' 

Al:T.D 

I TB:rC:LST 

AillHOR(S) 

Unkno;m ori~in 

1-1. J. SACiilll 

(Hrc Unit) 

Leicester 

University 

FOUCTIOU 

Plots a dendrogra.I!l on X-Y 

plotter using p2~er tape 

cut:put frora C~USR 

Calculates simile:cities 

coeffici~nts on ~resence/ 

absence dat~- using a simple-

matchine coe~ficient and 

performs a cluster a..~tlysis 

usine- both um-_reie.hted 

av~r~e and sin:;le linkage 

methods. 

• 

202. 

LAI~GUAGE 

ALGOL 

ALGOL 
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203. 

I r1I'R0Dli CTI Gi.: - --
Electron spin r esonance (ESR) is a spectr~scopic technique develoFed 

by chemists to detect p~rama.gneiism. In the Eartn tciences this technique 

has ·been applied extensively in the field; 'Jf lunar mineralog:,.· and 

petrolorr:r , ·the rr~neraloey of terrestrial silicates a.~d carbonates, 2.r..d in 

the study o f _coal and relat ed organic material. Using ESR, it has been 

po s sible to study the distribution of radicals in these natural and 

s ;rnt hGtic m8.teri2.ls as the radicals, no:rGally tra..11sition metal ions, free 

r qdica~• s and other enerc;y centres, all produce :p2.ra:""1agnetism (due to the 

m2enet.~ monents of unpaired electrons, etc .. ). :Details of the -:1:eory behind 

ESR c ~. be f ound in t...10 textbooks: 

1 o Spectroscopy.. D.R. Brownin0 • 1969. NcGra,·:-Hill, London. 

2. Spectroscopy. n.rr. 1:Thiffen. 1968. 1ongr:ans, Iondon. 

For the Earth Scientist, ESR has mal"ly adva.rrta.'.:es over other 

spe ctro s copic tecbniques inch1di116 speed of sa:-:ple p~epar2.tion, !)reduction 

of graphic results and simplicity of operation. Consequently, ESR has 

gre2.t r,otE:nti2l as a standard analytictl technique for nineraloaists, 
• 

geocher.1ists ar..d petroloeists. 

This bibliography was desi511ed to brin0 to the attention of tbese 

ran_:e of apylice.ticns wi-thin the E2..rth Sciences. 

rrhe bibliogra:phy contains ov&r 5GO references published during the 

past 25 years, iJ1 alphbetic order of author. Source material was obtained 

from Chemical AbstrRcts, ~lineralogical Abstracts ano the Science Citation 

Index~ al thou sh a nu.rnber of references ,._•ere found in leading pa.:pers. All 

references are consistent with Geos~.rster-is I established referenci.."'lg syste!!! 

and all joui·.:al titles a:ce a~brevif!.tcd accordin.::; to the "Inte2.·~c.t ioi:;~l 

List of 1.!oro. ~i tle .Abbraviations". 

A typical refe.!"ence \-ro1 1J.c.1 thus be: 



133:625 

'BRC-·~T, TA and 0i·lI':m , JC, 

An :C:SR study of' :;::n2+ in caJ.cite. 

(44/2) 70 :pl926-1031. 

or: 

425 

ffi·iI'I'Ii , CV, 

El ect:!'.'~n 3piJ.1. Resonan.ce of Coals 

I n : J C' , '.ES ' N.A. ffia.J: 

p 14 3- p 14 6. J:erga:m-:1on, Oxford, 
UoK. 

204., 

3 figure nua"oer used for cross-
referencing in a subject inde~ . 

.Autho~(s) 

Title of p3per 

Jou_mal (Vol.Ho./Part 
Inclusive pages 

Year. 

Subject index cross-refe~ence number 

Author 

Title of p2.per 

Editor of "oook 

'ri tle of boo:<: a~d year of :publication 

Inclusive pages, Publisher. 

As this bibliosraphy is to be published by Geosystems in Geocom 

Bulletin , each reference is preceded by a series of ti1ree fieure nuobers 

that refer to sections of a subject index. Using Geosystems conputer 

retrieval prograws, recompilation of the bibliogra9hy e!t~er in ~ibject 

or author index order can then be ~erfor~ed. The ~ubject index consists of 

the followin:; sections - Pa.raTTl?~etic centres, Petroloey, Colour and defect 

centres, Organic substances, l-1.ineral groups, l-anerals ar.d Hiscellaneous. 



112:925 

.ABDRAS:?l:I T0VA, ~I and !ffi0DAX0'lSKAYA, RYa, 

ESR of r.r3+ in the spinel 1-i[,Cr2o 4 foreed in the glassy matrix 2l{g0 . 

. 5Si02 • A12o3 • nCr 2o3 after cr:rstallization. 

Fix . Tvertl . Tel ~ (14/4) 72 pl234-l2 36. 

122: 810 

A ,UL~_·,n r R0V , RY , vr:o:,JJR0V, ~ I, Z. I PCV, I-TI·! end S'::.'EP.:CI0'7, VG, 

:SJ. e c t 2 • n pe..ramagn.etic res J~~"'1ce o:: :rre3+ ions in natroli te. 

Soli~- st~~e (9/2) 67 p689-690. 

132 : 210 :626 

A.BE, S , FUJ TIHfiu, ~, e.nd FUJr.·.1A?i.A , S, 

205. 

I-ianzanese in natur al calcium carbonate. II :Deter!!!ination of tb.e state of 

mangar~ese i n Alasaka limestones. 

152:840 • 
ABRAH/lJ·l , l'-J.I, Fil~CH, CB, K0LU?GS, JL and W :fIS, J, 

Electron paramagn etic resonance of several rare-earth impurities in cubic 

perovskite, KNgF3• 

F~ys. Rev . ~ (3/9) 71 p2855-2S64. 

100:910 

ACC0RSI, A, DEBB.Oi; , G, LEGR..U:D, AP and HAURY, R, 

Pa.ramaenetic centres in soda.lite. 

C.R. ~Tebd. Sr--a-r. ces Aca.ri. Sci., SPr. D2 Sci. Ma.t. (271/22) 70 pl930-1933. 

107:660 

AL'TSITIJLEJ , SA aYJd ZA:l:1.::i'0V, I:•r, 

The theory of paranaenetic resom:u!ce of Go2+ in corundul"!. 



2C6. 

425 

EPR study c f pure vi·i;~ir..it e c ?...:.·ocri.ized at various teI!lperatures. 

120: 790 

Al'TDERSCi.f , JC and TICI~OV.AI•; 1 ::a , 
Interne..l f erromagr:etic resor.E..nce in F~;netite:. 

Pro c ~ ~ 2y s . Soc . (75/1) 60 pl49-151. 

400 : 87( 

N:DERS(f f, JR and l:EIL, .JA, 

J . ChPr;1. Fhvs. ( 31/2) 59 p427-434 . 

100:765 

BR and HALL , PL, 

Electron spi ~ rescnance studies of kaol;~s. 

Proc. Int. Clc\'[_Conf. /(aclrid/ ~e;->ri!!-ts (1) 72 p72.-84. 
a 

100:680 

ANGEL, RR a.nd Si.J.TH, HJ.A, 

Reduction of electron-spin reson.ar..ce linewidths in synthetic diamc,nd. 

p573-374. 

138:680 

AHGEL, R.'l, ffi\1IT H, HJA and CfLL'ltEJ.1TE, JJ, 

Correlation between nitro .r:;en :inpurity conte!lt and crystal habi·'.; of 

synthetic diamond. 



116:153:895 

in the crystal lattice of Ca::,'O 4• 

Sov. ?rive:_: . So 1 i c~- ?. t ".-:~ a (10/2) 65 r,:f .. 8-l:-7 4, 

107:625 

Al'.'I' I PTI-, A.A, VI1;0 h.1JROV, Vi·I and ZARL -OV, lJ: , 

EPR o f Co2+ in calcite. ffra,nslated f :cor.i : 

F' z , Tela (6) 64 p217fl. 

.§..ov . PJ·, rs . Solid-State ( 6/7) 68 pl 718. 

A?JillAITG~L ' SZII, G::;, I·lOR.G:si~S½"'i'EF.i . , Z1 a11d 1:GESTUEV, v.a, 
Colour centres in ruby Cr'Jstals. 

Phys. Sta tus Solidi (22/1) 67 p289-295. 

,100:880 

Effect of li3ht on a coloured ruby. 

In: Specktros~<. Krist., l:.ater. SfrtT),, 2nc~. 1967 1970 p275-280. 

400:880 
... ~,- ,,·- - - - .. ,· 
J. - '-- -._ \J _ .. t J •• -~ - . ' .: • : ,. .._• """ - I ' 

T ,. , _ ... ... -- T . ... , .. _ - :--::: ·- .• ~ . "' ':""""":" '\ ---.;• ---~_, _, _. ___________ , _____ ; __ • (32/1) 65' r ~-5. 

112:400:680 

.ARKH/u!~EL t S.iITI, GE, I-'ORG!:."' fS~R.ll ., 31 2..11d ~HJES:1'f:~V, VB, 

ruby. 



208. 

210: 

Electron par3.fil?-5"1etic resonance (~JR) investigation of limestones and 

their calcines 2.nd their correlation with :reactivity Yith acid glasses. 

U.S. Ifa.t . Te h . I nf . Serv., P3 Ren . Fo. 2111:)04, 1972, 78:pp. 

440 
ATRc;_Fc.i'O_~ ., 11·1, CRAi'.1-~ LL: PA, FLOYD, AJ and HA~.'ORTH, 3D, 

Humic a.cid, i. ::=sR study of humic acids. 

112: 92.::; 

Par&11a.51etic resonance of the Cr+++ ion in spinel. 

(43) 62 p839-840. 

122:810 

Fe3+ parBm2311etic resonance in natrolite. • 
Fiz. ~verd. Tela (9/11) 69 p3352-3353. 

122:125:625 

ATS.ARKIN, VA, LUS3·~IIC0V, VG mid sov01a; :-A, LP, 

.,..,1 ' .1. ' "" ,-,:, ' r. u, -:"1 e .L"r2•~rale.,..,_+ 1•ons :u· l l!. ec ~J:'')ll p 2.ra.-:12<;.n.e vlC r eSO;_""J.2:.Ce o ... 1.JU c W l - v .... " 

calcite. 

425 
AUSTRil , DEG, Ir-TGR.AH' DJE, GIVEN' P:!, B:D:DER, CR and HILL, L'.v' 

Electron spin resonance of l:lll'e m2cerals. 

Adv. Chem. Ser. (55) 60 p344-359• 



140:515 

131\GDASAR0V, KhS, EERSH0V, LV, HA..'qI'I:l0SYJJ:: , VO and i:EIU~-, HL, 

State of molybdenum i mpurit:,r in yttrium - alurainiun ear:iet. 

Phys. Statu s Solidi :B (46/2) 71 P745-751. 

118~125:133:715 

BAKER , J H, J=;J.EA.1:EY , Band H.AY'~S , ~-,·, 

Para..rna.s-ne t ic r esonance of S - state ions in celcium fluoride. 

Proc. • . Soc. Sf . .r . A (2~7/1249) 58 pl41-152. 

J3 .\K.8R., JI-I , HAYES , W an d JOE:E~S , DA, 

?Eoc. F~yc . Soc. (73/6) 59 p942-945• 

BAHR: , TI, 

Zzplo~ir.~ t he role of in non-eetallic m2teria2.s by --:-iectron 

paramagnetic resonance. .. 
J .. Mater. Sci. (4/6) 69 p485-498. 

100:560 
BARRY, TI, NcN.AI :A.TU, P 2..T1d EOORE, l;!J, 

,..., .t.. • on-, e r c~...,_a,~ o_--T J.° Cc".l =-J_.,,.operti· es of .., ,-,e+hy.r.:f:. rararr.a£,;.:1e 1, J.C re s .. t: .. :: c: ~!.! Jv • ~" c... " · ~w 

100:560 

Amet:.yst: optic2l properties a11d parana7--etic :!.'esone.r.ce. 

Science (144/3616) 64 p289-290. 

112:555 

BAR.HY, ~-!R ar .. d TRCUP, GJ, 

·EPR o f cr3+ in al~xondrite. 

209. 



122:650 

BARRY, ~-iR 8nd TF.0liP, GJ, 

EPR f' F ~+ . . t...- b o_ e; ions in C!u·yso er-yl. 

Phys .. . ~ta:tus Snlidi (38/1) 70 p229-234. 

154:660 

B.ATES, CA, BN~TL.l!..--Y , JP, J ClfSS, BF and 11:C0RE, HS, 

Lattics - ion i.-ritera.ctions of Ti3+ in corundum. III Analysis of the 

electron pa--..·anagnetic resonance line shape. 

J .. Ph- . C Solid State Fn~rs. (3/3) 70 p570-578. 

Applica tion of ESR to geolo ~ical dating. 

Rend~ Soc. Ital. raner. Petrol. (27/2) 71 p259-261. 

132:805 

EPR £p2ctrum of maneanese in !i'!U.Scovite. 

Izv. Lenin c-r . 3lektrotekh. Inst. (Ho. 110) 72 pl8-20. 

515:925 

BEL0V, VF, 

• 

Ea&,rtetic properties of some ferrite e:;a:cnet~ and spinels. 

154:605 

:arns:rov, 1v, 
EPR of titanium (III) ion in beryls • 

.fil2.:_ Strukt. Y'nim. (10/1) 69 pl41-142. 

210. 



148:540 

_B&'qSl~OV , LV, 

EPR s3>ectra a."'1d electrc•nic struct·1re of some phosfhorous co!1.t~i...Tlin3 

radicai. ions. 

114:670 

BERS~OV, LV and :!:-IAHYU:TDi, .AS, 

211. 

Elect:ror1 pu.r~D.-.':,ne.!..ic re~onr>.r.ce of eu.2+ in dar,burite. .flr2.nsl2.ted from: 

Gcokhi··, .. (1965/10) 65 pl259-126.Q7. 

G p ch :· .-JF-.t.. (2/5) 65 p921-923. 

Electron spin resonance o: electron-hole centres in ninerals. ffir2.1isls.i.ed frora: 

Dokl • . _~ad . !,auk SSS:t (173/2) 67 p410-41,Y. 

133:595 
• 

.BERSHOV, LV, E.A. ... "q_Fill;Ilf, AS and 1-mrEEVA, RH, 

1 ' . . . 2+ . ' , 1 . t r.;. 1 • ., E c ctro!1 p,·.~·a:-.:.::,-:,:;_ff1~1c res01rn:1ce o.t .. .-n in a.?op:1y_ i e. L~ra.11s_a~eu 

-. .,_., . ,,. ,,.. -- .. -
- . r · . - •-• • - --

Geo!chim. (1966/4) 66 p464-46§.7. 

Geoc!1t:IJ.. Int. ( 3/2) 66 p352-355• 

135:695 

scheeli~e. .LYr::inslated from: 

(164/5) 65 yl32-135. 

froo: 



410:670:675 

BERSrtOlJ' LV and t-IA._rlTIROSYA:r' VO' 

Point de~ects in the borosilic~tes, danburite an~ datolite. 

(14/5) 69 p946-94a. 

410:580 

BERSQOV' LV' ,HARTIROSY.AJ-T' VO' HARFmrnr' AS 2nd SPF.!RAl:SKII' AV' 

YttriUJ11 - stabilized elect::con-hole centres in anhyd:!:'i te. 

,L½:vs. Stat u s Solidi B (44/2) 71 p505-512. 

:E-E.RS31 ', LV and J:·1IlT~VA, RH, 

Elcc t:.:-:m :paxam2[;11etic reso~an.ce of bivalent ra2...'13a.--iese in talc. 

- c1.dio c:-~ecktros:,:. Tverd. Tela (1967) 67 p308-310. 

100:626 

212. 

E?R a n d lur..inesce~ce in calciUJ'l c2.rb·:mate cr.rsta.ls containinG ions wit:i 

th c-· t. d9 e con~igura ion • • 
Teor. fil<sp. Khim (6/3) 70 p395-397. 
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.APPE:J)IX TuEE 

STEREOG~:IA!•~ IN GEOLOGY 



The n~ed for a quick, inexpensive and mea.ningful method of 

representing t!u."ee-dimensional data has been apparent in many scier..tific 

£ields. This need can be fulfilled by the use of stereog:ramo. 

In this tech.l'lique, left and right stereo ioages are prepa:red 

using sirnp~e gaometric principles and when placed in a stereo vie\ler, a 

three-dim~nsional model can be visualised. Stereograms have been applied 

in biomet 1:y, e.g. forestry studies {Fraser and Kovats, 1966) and num9rical 

taxonomy (Rohlf, 1968), but has had little use in geology (with the 

except ion of palaeontology {Kaesler, 1970; Raup, 1970), palaeoecology 

(Kaesl er and Taylor, 1970) and aerial photography). 

Data collected in a geological study often consists of Eeasureme~ts 

on a number of variables. Normally such data is illustrated as two-

dimensional plots of one variable against another. However·, it is often 

simpler and more advantageous to describe the relationship between &.."'ly 

three of the va.riables. In the past restrictions on the illustration of 

three-dimensional data. had been due to the laborious and time-conmming 

construction of models and stereograms. The use of computers and high 

spee~ plotters reduces this time considerably and enables one to apply 

stereogr&ms in many three-variable problems. 

Geological data can for the convenience of this appendix be divided 

into areal and non-areal data. Geochemical prospecting data as s. suitable 

example of areal data can be easily illustrated using stereograms - the co-

ordinates of the sample point constituting two of the stereogram variables 

and any me-tal values, the third. .An example of non-areal data described 

by stereograms is factor scores on the first three axes in a principle 

components analysis. 

This appendix describes the basic details of stereogra.m preparation 

and interpJ::etation. Possible application of the teohniql!e to the 

illustration of various geolorric&l data is also described. 



i -
One of the most effective weys of displaying the dime:1siouz.li t,y 

of real c:r imaginary objects has been the construction of wsll 3ca.le 

three-dimensional models. The difficulty exercised and the tfue consu.med 

on such· models a.re readily appreciated. A realistic alternative is . 
provided by stexeograms. 

The basis of this technique lies in the ability of the human brain 

to visualise a three-dimensional object by vie...,ing the obje~t from two 

separat e pointst co~espondirlg to the eye positions. The principle is 

illust .3.t ed in Figure A3.l, in which the eyes are positioned at and ~, 

sepru:a ···ed by a distance (r - 1 ) a.'ld at a height he from the X-Y pla.91e. 
X X 

7 f t 
When a point such as H(X ,Y ,Z ), a distance h above the X-Y plane, is p 
viewed with the left eye, an image will apparently form at HL(x1 ,Y1 ,z1). 

Similarly, viewed with the riGht eye, anoth~r image uill appear at 

Since the human brain EUccessfully fuses the two images 

obtained to form a point (H) in space, one only n£:eds to prepare two 

diagrams (a stereo pair or stereogram) corresponding to the right and left 

eye viewiLg positions for the brain to 'visualise' aJJY object, rsal or 

imaginary. 

Some people can see the three-dimensional image without recourse to 

optical aids. However, Iilost people requi:re the use of a lens or mirror 

stereoscope. 

cm1PUTATION ··-
The computation a.~d the geomatric basis for the preparation of left 

and right stereo images are very si.l:Iple. As previou3ly ~otec1 , left s tereo 

' ' ' ) image of a point .H(X , Y ,z ) will form at H1 (x1 , Y1 ,z1 • In ordP.r t o 

calculate this :tmae;e, ,.,re need to determine the ~o-t'rdinetes (Y..1 , Y1 l'~d z1 ) 

This is achie"'r~d by considerine the ceometric properties of 

simila ~ triangles. 



H [X, Y, Z] 
L L L L 

Fig. A3. I Principles of stereogram computation. 

y 
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' The tr~anglcs and my1i, arf:' sicila.r trie.ngles such 

that 

•••• equation 1 

' ' ' The t:ri:l.Ilgles and H 11, are e.lso similar. Hence 

h 
..J2. i:s •••• equation 2 
h e 

Reordering the equation gives 

Since h p 

becomes 

Simila.rly, 

YL 

' h X - 1 h e X p 
C .- -

h - h e p 

' (the vertical = z 

' ' hX - 1 Z e X 
= ' he - z 

' ' hY - 1 Z e l a 

' h e - z 

•••• equ.a.ticn 3 

co-Qrdinate of point H), equation 7 .,. 

•••• equation 4 

By the sa.ite means, the co-ordinates of the right stereo image are given by 

= 

' ' heY - r Z y 
' h - Z e 

To achieve the most desirable three-di~~ns~onal effect, it is 

advisable to rancre-tra...,sform the values on each a..~io. Since some 

geological data is log-noi-mally distributed (c.8., geocheroic~.1 data), it m::1.y 

also b0 ,rneful to loga1:i i,hmically transfo_.ci the values on the axis 

reprenP-ntine the dependent ~inble. 



AP.EAL DATA ~ --.. • ,.-..--n--~ 1....,. 

St,areograms a1:e ideally suited to th~ illustration of geochemical 

dE!.ta... UsinG this techi"'lique, spatial distributions of stream sedi.'i1cnt 

ss.mple ::points Mn be viewed and areas of hir;h values exe.nined 

1 without resorting tc trend surfe.ce analysis anc. contouri.ng pro5Xams. 

For ex3.mple Figure A3.2 represents a map of log-trensfornsd lead 

concentrations obtained by analysis of stream sediment samples. The 

areas of high lead concentration can be clearly distinguishid in the r-ro:cth-

eastern region. Estimates of the concentration can also 1;e obt~-ined f:..~ora 

the stereogrs.nso Howev~r, as stercograma are only designed .tc p=o-vid.e 

illustration of quantitative data., the es~imatE:s can only be relative. 

However~ a combination of this highly effective illustrative 

technique and a simple sample site map can provide consideraule informatioll 

concerning ·the mineralisation within an area .• 

From Figure A3.2, the high metal concentration and a line of cut-

off associated with it in the North-east part of the area suggest the 

presence of mineralisation which can be confirmed by a more detailed 

survey. 

Stereograms have also been used to distinguisn mineralised a."11 

bar-.cen sample sltes from the Pirejman area of South-east Tur:cey. li'igure 

A3. 3 shows the scores of stream sediment samples on the-first discricinant • 
• •• L • . • 

. . 

axis in a multi variate discriminant analysi~ of geochem.ioa:!. stream sediment 

data plotted against site co-ordinates. A SSL'lple ~ite map (Figure n.53 in 

Celenk, 1972) can be used in conjunction with the stcreoe£a.m to reveal 

areas of mineralisation. As the first discriminant axis w s interpreted 

as a mineralisation/non-mineralisation a.xis {Colenk, 1972), a ::ni."ler&Jiscd 

area in thf3 centre and along the lowt,r edge of the s~ereos.rem can !>a 

dis-tinguish,ed as having generally hiel1e:- scores. than alont; the top edgr.. 

Stereogra.ms could be used to ma.p folded and faulted eds. Figw,:-e 

A3.4 illustrates a di!',piric structur~ noted from borehole and o!ltcrop 

... 
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Fig. A3.2 Lead concent rations in stream sediments. A lead mineralised area 
occurs in t he NE corner. 
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Fig. A3.3 Discriminant scores of stream sediment samples plotted against site 
co-ordinates. 
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Fig. A3.4 Diapiric structures. 



data. The domed shape of the bed surface can be readily visuali::.cd and 

other structures could be similarly illustrated. Extensions of this 

work into mapping aerial geophysical data as well e.s geocheru.cal de.ta a.re 

being undertaken. 

NON-AREAL DATA 

It has been mentioned previously that a typical non-ar?.al data 

situation could be the illustration of multi variate statistical data 

(Fraser and Kovats, 1966). 

Cther types of non-areal de.ta suitable for illustration by 

ster eogr a.ms are palaeontological and nunerical taxonomic data (Kaesler, 

1970; Raup, 1970), palaeoecological d2ta (Kaesler and ~1aylor, 1970), 

crystallographic data (Wells, 1954; Ordway, 1965), stratigraphical and 

sedimentological data. 

CONCLUSION 

Although this illustrative technique had been known for some time, 

the laborious construction of the stereograms has prevented its 

application to geological problems. However, using a computer, it is now 

possible to plot stereograI!ls of geochemical data with minirJal da~a. 

preparation. 

It has obvious advantages as an illustrative technique and vith the 

general lack of a method for the representation of dimensional data, the 

technique has applications in many fields other than geology. 
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APPErIDTX FOUR 

L_qE PREPA.-qATim~ OF SHALE SPECilill!S roR X-RAY DIF1FRACTIOU 

JJlALYSIS "BY A sua?I0N-0.·!T0-i•~{BRA.NE FILTm NETiiOD 



One major requirement of quantitative X-ray diffrac·tion u"Y.i.lysis of 

shale mineralogy is a simple, accurate and reproducible !':Jthod of cample 

preparation. Ho'lt1ever, problema arise firstly, 1,;ith the tendency of the 

clay rainerals to assume prefeITed orientations which cannot be accurately 

i reproduced from sample to srunple and secondly, with the segre~.tio~ of 

mineral pha ses during the settling stage. Q'v.e.ntitative determination of 

mineral :parcentaees in shales by X-ray diffraction m-v.st a.void both these 

problems 9 and a number cf teclU1iques for producing rE:.!ldo!:lly orientated 

sample s have been proposed, e.g. Haghes and fuhor's (1970) spray drying 

technique , a method ereploying polyester foain sheeting (Thomson, :Duthie 

and Wil ::>n , 1972) ar.d others by Brindley and Kurtocsy (1961), JoIWJJ e.nd 

Kuykendal l (1966), Ha:rtin (1966) and Niskanen (1964). However, all th~se 

technique s were developad specifically for clay mineral stuc!ies reid feu 

are suitable for the snalysis of shale samples. 

A method has been developed for the quantitative minere.1.ogical 

analysis of shales by X-ray diffraction using Hillipore filter eg:-.iiprrient 

and membrane filters (Millipore equipment is manufactured by Millipore 

Fil t e~ Corporation, :Bedford, Hassachusetts, U.S. A.). The method bas proved 

simple and quick to operate and the accuracy and reproducibility are veey 

high in comparison with alternative techniques ( Chapter 2). This technique 

has been successfully applied in e, study of Upper Pennsylvanian and Lower 

Permian shales of Kansas, u.s.A, 

SAHPLE PR~AP.ATION 
Approximately 0.05 gm of ground shale sample (less than 60 microns) 

is placed in a small ber..l<:er and 20 ml of distilled wa-f;er added by pipette. 

The materials are then agitated by sonic :probe and the disaggregated 

she.le/water mixtm·e is plac~d in a Hillipora ii.lter funnel (Fis.-ure A4.l). 

Vacuum pr.es~u.re applied to the membrane filter sucks all the liquid 

throus~ the filter in 20-30 eeconds preventing orientation and se~-rer,ation 



0 
I 

VACUUM 

Inches 

5 
I 

shale/water mixture 

, Membrane f i I ter 

Fig. A4. I. Mi 11 ipore fl lter Apparatus 



The fiJ. ter paper is removed fror.1 the appai:atus, a.,'1 t~peci 

onto a micro2.cope slide. After drying for a faw minutes, the slic.e-

mountE=~d filter paper can be examined by X-ray dlffracticn. 

The Millipo:re .filter apparatus (Figure M,.1) consists of fonr 

1 parts - a vacuum flask, a. fretted glass funnel base and filter supro:r.t, a 

clamp and a funnel top. A 1.2 micron opening raembrane filter is placed on 

the .filter support and a glass funnel is clamped to it. The base is then 

placed i n the vacuum flask and secured with a rubber bung. A wa.ter pump 

attached t o the vacuum flask provided the pressure. 

DISCUSSI ON 

This method of prepa:i:in,g mounts for the X-ray diffraction analysis 

of s l".1a les has several advanta.ges over alternative techniques .. 

1., Sirnpl icit.z: the system is very simple to operate and pre~er.ts 

the majority 0f humal'l errors creeping into the n:ounting preparatio:i, a 

failure that has dogged many sample preparation tech:aique-a. 

2. the simplicity of the system also ensures that the 

preparation time is reduced to a minimum. 10 minutes per sample seeMS to 

be an optir.n.un operating figure. 

Accuracy and reproducibility: in comparison with standard 

techniques, the accuracy and reproducibility are appreciably higher. This 

is due to the method of particle collection on the surface of the filter 

paper. The rapid suction of particles onto the membrane filter ob,riates 

preferential settling and orientation. Any preponderance of non-flaky 

minerals in the shales will also aid the random orientation or mneral 

grains. 

The t~cbnique was found to be suitable for large numbers of shale 
. . 

samples and has been successfully upplied to th_e mine?'nlogical an :;sis of 

the Upper Pen.nsylvanian and Lower Permian shales or Knneas, u.s.A Thi'3 

technique has only one disadva.ntaea when applied to these shales - no 
1 
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detailed high temperature a.na.lysis of clay minerals !!lay be -anderl3k~n due 

to the n2,ture of the mount. In this case, an e.lternative technique, i.,e. 

ground dry sample moulded into a pellet using a high pressure press 

(Hildago and Renton, 1970) t may prove to be a suitable substitute. 

1 Howeve.:-, the value of the met.hod lies in its speed, accuracy, si~licity 

and re1:iroducibility a-id as such provides a "quick look" technique for the 

mi..l'lf1ralogical ane.lysis of shales. 



A!"·PE:DIX FIVE 

ELEC'l1n~11 SPTii RESOHJ..:~CE SPECTRA CF SELECTED 

CARBONATES, SULPHAT3S .A!m CLAY :MTI~Ea!J,S 



Th.to ~tudy was ccnducted to esta1>lish the nature of free spin 

featru~es in shale ESR spectra (Chapter 6). 

A number of common carbonate, sulphate ~1d clay minerals were 

chosen to represent possible constituenJ~ minerals of the Upper 

312. 

1 Pennsylvanian and Lower Permian shales of Kansaa, u.s,A. Table A5.1 

contains a list of these minerals, provided by Dr. R.J. Y..ing of the 

Geology nepartment, University of Leicester, vith their stgndard chemical 

formulae and_ localities. 

Small pieces of mineral ·were ground uith a pestle and mortar and 

analysed on a Varian F.-3 X·•band Spectrometer using the procadure described 

in Chapter 6. The majority of these Eri.nel'e.1s have never been exa.rJined 

by ESR previously and it is hoped that the spe~-'cra recorded iri. thlg 

appendix (Figures A5.l to A.5.15) will serve as reference spect=D. for 

future exparimental studies on individual minerals in a similar manner to 

the service provided to organic chemists by the ESR spectra recorc.ed in 

Bielski and Gebicki (1967). 

The spectra have brief descriptions as figure captions but it was 

beyond the scope of this thesis to perform experimental uor!t: to confirm 

these assertions. . The descriptions must therefore be considered to be 

suggestions rather than fact. The figures include here necessary, 

references to other experimental ESR spectra on minerals. 



TABLE A5.-l COf-iMON MTif~ALS RI:?RES~. iTING POSS)BL:S cmrs1i:'IT1J=": :Ts OF UPP~ 

]>,filrNS YIN t-NIA..11f Ar D 10~·.'ER PffJ,~HJT S!IALES _Q.{ ~~:SAS 

MINERAL N.ANE 

1. Strontianite 

2. Rhodoch.rosite 

3. Chalybit e 

4. Ba.rytes 

5. Celesti:ie 

6. Anhydrite 

7,. Kaolinite 

a. Dickite 

9. Halloysite 

10. Verniculite 

11. Chlo:ri te (Pennine) 

12. Illite 

13. l~ntmorillonite 

CHE1I CAL FOm•mt! 

Srco3 

Srso4 

Caso4 
A14Si401o(OH)s 

A14Si40lO(OH)8 

Hg3si4o10(0H)_2.xR20 

11g
5
Al(A1Si3o10)(0H)8 

KA12(A1Si3o10)(0H)2 

Al2Si401c<cR)2.x!I20 

MIHERAL LOC}J.ITY 

l-lhitesmith Eine, 

Strontian, Argyllshire, 

U.K. 

Emma Hine, futte, 

Montana, U.S.A. 

Ivigtut, Greenland. 

Sil verbend !·7ine, :faock, 

Westm)orland, U.K. 

Yate, Gloucestershire, 

U.K. 

:Billingham, Durhac, U.K. 

St. Austell, Cornwall, 

U.K. 

San Juanito, Chichuehua, 

Mexico. 

Wagon Wheel Gap, 

Colorado, U.S.A. 

Ampandrandar, ?-hde&,ascar. 

Traversella, Piedmont, 

Italy. 

Jorris, Illinois, U.S. A. 

Clay Spur, Wyo mine-, 

U.S.A .. 



l 
3400 

I 50G 
Fig. A5.l~+A x~~m temporaturc ESU Hpcctra of strontinnite ahowing typicdl 
i•• the Sr co3- lattic-E:. 'I'?-10 hyperfine :.ipJ.itting is lOOG uppr.oxirn"l!c?~y. 

I ., ) II 
?-in· t- fuutur.es. The Mu2+ js qut.Jst.itut.in~ for sr21 
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• 

[ 100G ..,_[ -------~> H 
Pig. AS.2. A room temperature spectra of rhodochrosite. 



Pi!. AS.3. This spectrum is caused by Fe 3+ in chalybite (2(Feco3)). 
Fe>> Fel+, (Pe2+ is not det8ctable by ESR). 

I t 
5210G 

\
SOOG - l > \1 

Tlie low int nsity of the Fe spectrum indicates th11.t 



• 

1 
3410G 

2·5 G .----+--~) H 
Pig. AS.4. The spectra of barytes (Daso) shows little cxr~pt for a free spin fcaturo which seems to be Fe3+ replacing Ba2+ 
in the Baso4 lattice. The hyperfine splfttinq is l.25G approximately. 



• 

2-SG I 
t------+--_.7 H 

Fig. A5.5 Celestine (Srso4 > unllk: strontlanlte (SrC03> shows no Mn2• but does exhibit free spin features, ~he 
origin of which ere unknown. Fe3 may be a contributor to this !l.pectrum. The hyperfine spl l·t1-tng of thl· , cclturc Is 
3.75G. 
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I 
SOG 

Flg.A5.6 Mn
2

' Is found In anhydrite (4(CaSOd) ) H • substlfotln9 for Ca 2•1n ·rtm-Caso
4 

toTrohedron.A free 
sp r n fol!ture was dotected but the low peak rn-tens f ty preven1·ed accur!lte do1"ermt natl on of I ts or I g In~ • 



l 
3400G 

Fig. A5.7.The asymmetric double peak of kaollnlte I$ Identical to That reported by Friedlander et al. (1963), Wauchope 
and HJJgue (197'3).., and Angel end Hal I (1973). Angel and Hol I have suggestE.:d that thlc; may be> cnu~ud by ·1 tetrahedrally 

co-ord I neted Fe I on whereas Wauchope and Haque h vo I dent If I ed It as 11n oxygon spet. I es. 

I 25G 
r--• ---r---?) H 
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• 

t---25_G---+---,) f-l 

Fig. A5.8 Tho dlcklte spectrum shows an asymmetrical peak distribution with a cAntral peak 
surrounded by six less Intense peaks. It~ origins are ontlrely unknown at present. 

-- -
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\V 
5L.05G 

~------------------

500 G I ._____,._ _ ___..) H 
3+ Fig. A5.q Halloyslte produced a low field poak t_pat Is accounted for by an Fe Ion. Peaks In this region are 

found In most of the clays studied and ara particularly prominent In I I lite and montm~~I I lonlte. The: lack of a 
low field peak In kaolinite can be attrlhutad to a dlffortng site position for the Fe . 



'-!I 
54 50G 

\ 
SOOG i-. __ .,____,.) H 

Fig. A5.IO Vennlcull-te shows peaks at both 34000 and IGOOO approximately. 
accounts for the peak posl-tlon~. 

2+ Again Fa possibly In 2 differing sites, 



5200G 

i--. --+--~) H 
\ 

SQQ G 

Fig. A5.II A most complex and unusual spectrum was produced by chlorlte. This spectrum wt I I require furthnr study 
to determine the exact nature of the paramagnetic species. 



51.00 G 

l t-s_o o_G_t--)~ H 
Fig. A~;l2 This spectrum of I lllte shows 2 Fe2

+ peaks prevl~usly Identified and a set of free spin fe~tures (Flg.A5.13). 
The Fe peaks are seen at 34009 and 16000 with the free spin features ar 31000. 



3405G 

\ 
SG I 

r--· -----r~) H 
Fig. A5.13 The I lllte free spin feoTures show slml larlTy 
To Those of Friedlander et al. (1963). A strucf\Jre noT 
previously rnportcd for illlTo ls seen'~n the flanks of 
conTral peolr. 



"-5=0:.:.0 =-G H 

Fig. A5.14 Montmorlllonlte shows a similar spectrum to fgl. A5.12 with a more Intense peak at 16000. 



l 
11.00G 

=--2.S~G--+-~) H 

Ftg. A5.l5 The mon1-morl llontte freo spin fb~1uras are very similar to those of I I Itta <Ftg. A5.l3) and to those 
reported by Freldlander (1973) and Wauchope and Haque ~1971), reflactlng a common structural site tor the radical. 
The most likely solu11on Is a Fe2• substitution for At · + In monhnorll lonlta, I I lite and kaolinite. 



APP:Ez.IDIX SIX -
SAHPLE COLLECT:C;G STATIOJ3 



SA?.J>LE SITE .ANA.LYSIS 
.... -

Sample Sample Colleotion Ste.tion Stratigraphical Township/ Thin X.R.D. Emiss. E.S.R. 
Position Range Section Spec. 

1 1~96 Route out of Neodenha, Spring Hill T30S R15E 

Wilcon County Limestone 

2 Highrm y 75, Near Altoona, Vilas Shale T29S R16E 

Wilson County 

3 " u It 1 1 

4- ti II II 

5 " " tt 1 1 1 

7 High\my 59, 3 Mil,sa weat Stark Sha.l.e SE corner 1 1 

or Stark, Neoaho oounty SE SE Seot. 

15,T273 

R20E 

10 Inter (toti.on lB.ghws.ya, I4ne Bonner T22S R20E,. 1 

Sz/31/59 W of lti.noai.d, Springs Sha1e S 1ine, SR, 

.Anderson County S.S,Seut.35 

11 " " " 1 
'-"' 

12 II " " 1 1 I-' . 



1; ¼ ml. s. of Intersection La.ne Bonner 

52/31/59 on highway 52/59, Springs. Shale 

Anderson County 

14 It n 

1; It Hickory Creek 

S1'..sle 

16 Route 52, 2-3 miles SW Taoket 

of Mound City, Linn Formation 

County 

17 " " 
18 • " 
19 • Mound C :1:ty 

Shale 

20 • n 

21 " Sniaba.r 

L:1meatone 

W line NE, 

NE,Sect.2 

T23S R20E 

II 

" 

SW Corner, 

NESE,Seot. 

23 T22S 

R23E 

" 
n 

" 

" 
" 

1 

2 1 

2 

2 

2 1 

1 

1 

.... 

1 

1 

1 

1 

1 

1 

1 

'-"" I-' 
\. ·1 . 



- --22 Route 52, 2-3 ndles SW I.adore Shale T22S R23E 2 

of Iuound City, Linn S'I{ Corner, 

County NESE , 
Sect. 23 

23 " tt II 1 1 1 1 

24 ti Hushpuokney " 2 1 1 1 

Shale 

25 " It tt 1 1 

26 ti II tt 1 1 
27 Co1dstorage plant on Galesburg T12S R23- 2 1 1 ·J 

J:nland Drive, Nr. Kansas Shale 24E 

City, Johnson County 

28 ti " " 1 1 1 
29 n S ta.rk Sha1e " 
30 " " " 2 ,. 

" " " 2 1 1 
32 " " II 2 1 1 

33 " W:i.nterset " 
Lbleatone Vol ..., 

O'\ . 



.... 
34 Coldatorage pla~t on Vlinterset T12S R23- 1 1 

Inland Drive,Nr. Kansas Limestone 24E 

City, Johnson County 

35 II tt n 2 .f 1 . 
36 ft " II 2 1 1 1 

37 ft " tt 2 

38 11 Fontana Shale " 1 1 

39 " Vlea Shale ti 2 

40 " ft It 1 1 

41 " Westerville ti 1 1 .. 

Limestone 

¼ m:Ue f'rom Cold Storage Quivera Shale T12S R23- 2 

Pl.Ant on Inland Drive, 2J+E 
town.%•da lts.nao.a City, 

Jobnaon County 

4-3 " " ti 2 1 1 1 

i.i. " ti ti 2 

45 " ti II 2 
'-"' lt-6 " ti " 1 1 1 ..., . 



_ .. 

lt:-1 ¼.mile from Cold Storage Chanute Shale T12S R23- 2 1 1 

Plant on Inland Drive, 24E 

towards Kansas City, 

Johnson County 

48 II n It 2 1 1 1 

49 ti " " 

50 u t1 ti 1 1 

51 " 'Munsie Creek " 
Sba1e 

_ 51c " II " 2 

52 II II II 

5, " " " 1 1 

51.. Highway 10• 2½- ml.a. B Chanute Sbe.1e lt side SE 2 1 1 

o~ Z ro.h• Johnson NE Seot.14-

County T12S R2,3E 

55 n MunBie Creek " 2 

Sbal.e 

56 • " " 2 
rr: . 



··'-

57 Highway 1 o, 3 mls. E of Island Creek N side SE 

Zarah., Johnson County Shale NE Sect.14 

T12S R23E 

58 " II II 2 

59 " Farley It 

Lima atone 

60 II ti It 2 

61A ti It ti 1 1 

61B " Bonner Springs s side NE 

Sha.1e NE Seot.13 

T125 R23E 

62 " n ti 

63 " " " 1 1 
61.- " II " 
65 " Pl.a. ttsburg . " 

Limestone 
66 " " " '"' 1 1 ' 
67 " It II 1 1 

69 x32. E of interaeotion Lane 8ha1e VI aide SE 1 1 1 1 Vol ..... 
th K7, Wyandotte County SE Sect.28 



... 
70 K32, E of intersection Lane Shale W side SE 2 1 1 1 

with K7, Wyandotte SE Seot.28 

Couaty T11S R23E 

71 " H It 1 1 

72 Highvro.y 1 0, 3 mls. E Bonner Springs E side NE 2 

of Zar:-.h, Johnson Shale NE Seot.13 

County T12S R23E 

13 Kerf ord Quarry, 1 ml. s Heuma.der Centre SW 1 

of Atchinson on Highway Sha.le SE Seot. 7 
7. Atchinson County T6S R21E 

74- " " " 2 
75 " It " 3 
76 " It II 

77 • n H 2 

78 " " " 
7'J • It " 1 1 
80 • Jaokaon Pa.rk H 1 1 

8ba1e 

'-"' 
0 -



.... 81 zrJ.s. E c-r Doniphan, Stull Shale Centra S\'/ 1 1 1 
Atchinson County SE Sect. 7 

T6S R21E 

82 u Jackson Park ,: 1 1 1 

Shale 

83 " Stull Shale " 1 
ez.. " II II 2 
85 " II " 1 1 1 
86 5½ mln. E o~ Donipho.n~ II T5S R20E 

Atchinson County 

87 " Spring Branch n 

Limestone 
88 ti 

" " 
89 " Doniphan Shale " 
90 " " u 

91 H II 2 
92 Queen Hill. " 1 

SbaJ. 

93 " ,, II '-"I 
N ,_, . 



_ .. 
94 Quarry, 4 mls. NE 0~ Calhoun Shale Mi SW 1 ·1 1 1 

Lancaster., Sect. 11 

Atohin:.;otl County T5S R19E 
95 " ft II 2 

96 II II " 2 1 1 
97 " " II 2 1 1 
97.B Road alongside quarry, Turner Creek NH SW 1 1 

4 ml.a. NE of Lancaster, Shale Seot. 11 
Atchinson CoWlty TSS R19E 

98 ti Jones Point " 
Sha1e 

99 " ti II 

100 " :Iowa Poi.nt " 
Shale 

101 " It " 1 1 
102 n Tecumseh Shal.e " 2 
10:, .. ti " 2 
1 Olt- a If n 1 

'-.. :--_ 
I'\;> . 



-... 105 Roadside 4 mls. NE of Osmloose Centre 0£ 2 1 1 1 
La.,cester, Atchinson Shale S side SW 

County sect. 10 

T5S R19E 

1Co " II " 1 
107 tt Larsh & " 1 1 

Burroa.k Shale 
108 n II It 

. 109 Road.aide 4½ mla. NE of' Ervine Creek Cantre of' 1 1 1 
Lanoe.Gter, Atohinson Limestone E half" ,NE, 
County Seo·t. 11 

T5S R19E 
110 Qua1T.)1' 8 Bur1ington, Snydervil1e Centre N\'I 1 1 1 

Cotte;y County Sha1e NW Soot.31 

T21S R16.E 
11 J:n er t~on ot Highways ft sv; Corner 2 

75/57,, C 01:'f" ,y County St'f SW 

Beet. 35 

T22S R15E ;'\) .... . 112 It ti 1 1 



113 

114 

115 

116 

118 

11 9 

120 

Interseotion o~ Highways 

75/57, Coffey County 

" 
H 

1 00 yds. 1'I of inter-

seotio~ of 75/57 
Cof"f'ey County 

:Intereoction of Highways 

75/57, Co:t'f'ey County 

ml.a. NE or Griclley, 

C~ey County 

" 

~nyderville 

Shale 

" 
tr 

Toronto 

Limestone 

Snydervil1e 

Sh!l.le 

" 
Ki.ng Hil1 • 

Sbal.e 

Beil L'imeatone 

sr. Comar 

SW ffi7 

Sect. 35 

T22S R15E 

t! 

W side SW 

SW Sect.35 

T22S R15E 

S\V Corner 

SW SW 

Sect. 35 
T22S R19E 

" 
WeGt L:lne 

SWNW 

Sect. 11+ 

T225 R1!,E 

" 

2 

2 

1 1 

. . 



.... 121 3 mls. NE o~ Gridley, Doniphan Shale E line I'm 2 1 1 
Coffey County Seot. 2li-, 

T22S R14E 

122 Q ua1'ry ml 3 • VI of Jones Poi..'1.t Centre NE 1 1 1 
Burlincton, Coffey Shala NW Sect.30 
County 

T21S R14E 
124- Highv,ay 70, .3½ mls. E Snyderville NW corner 

of Big Springs, Shale Seot. 21 
Douglas County 

T125S R18E . 
125 tt 

Lawrence Shale " 1 1 1 126 II 
Snydorville " 
Sha1e 

127 " H 

" 1 
128 " Heebner Shale ti 3 1 1 12~ " n II 

130 " II n 1 1 131 • II " 132 " Heumader Sha1e " 1 

'-"" 1\) 
\., 'I . 





_._ 
143A Highwe.y 70, 4- ml.s • E of Larsh and SE NE 

Topeka, Shawnee County Burroak Shale Sect. 8 

T12S R17.E 

143B Eighv,rcy 70/Lr0 intersection Iowa Point Centre NY( 

in Topeka., Shawnee County Shale SE Scct.4 

T12S R16E 

1!;1+ ti Calhoun Sh.ale " 3 1 1 

145 ct II " 2 
. 146 tt Jones Point n 2 

Sba.1e 

148 F.ighway 2.q., ½ m1. W of Ho1t Sha1e S o'f' Centre 1 1 

inter~eot:lon rl th H:Lghvray Sect. 14 

4-~ Sluwne& County T11S R16E 

14-9 Roo.ds:ld~ 7 ml.s. W of King Hil1 S line SW 2 1 1 

La.wreuoe, Doug1aa County Sht.u.e SW Seot.13 

T12S R18E 

150 " Avooa H 1 1 1 

L:imestone 
"· ., N 
--J . 



- '-

151 Lecompton Quarry, Douglas Heumader Centre s,·1 2 1 1 

County Sha.le mv Sect.35 

T11S R18E 

152 Highvmy 7, 3½ mls. N of Tecumseh Shale W side SW 1 1 

Atchinson, Atchinson SVI Sect.12 

County T5S R20E 

153 It II tt 2 1 1 

154- " " " 
155 " " " 1 1 1 

.. 156 Highway 70 • 1 mJ.. w of Eudora Shale C3ntre 

Bonner Springs. Sect. 18 

Wyandotte County T11S R23E 

157 " " " 1 1 1 1 
158 " Rook Lake Shale " 

. 159 Highway 70 • 7/ 1 0 ml. E Quindaro Shale R l.ine NE 1 

or Xanaaa C~ty Toll Booth. SE Seot.9 

yandotte County T11S R2ltE 

160 " " ti 1 1 1 
'>I 
N 
C,) . 



.... 
161 Highway 70, 1 ml. W o-r Rock Lake Centre 1 1 1 

Bonner Springs, Shale Sect. 18 

Wyandotte County T11S R23E 

162 Highway 470, s. Topeka, Severey Shale Cc~trc S 2 1 1 

Shawnee County side NW 

Sect. 19 

T12S R16E 

163 It Aa.rdo She.le " 1 

• 164 " It ti 

165 " ti " 2 ... 
166 " It ti 2 

167 Higmray 470~ 4-½ m1s. SW Silver Lake SE NE SE 1 

of Topeka. Shawnee Shal.e Soot. 4 
C unty T13S R15E 

168 n n II 1 1 1 1 

169 ft Cedar Va1e " 
Sha1e 

170 • ti ti 1 1 

'-"' ,..., 
'.0 . 



171 Highway 470, 5½ mls. SW White Cloud SE NE S\'T 1 1 1 

of Topeka, Shawnee Shale s ~ot . 9 

County T13S R1 5E 

172 It It n r, 

173 " II " 2 1 1 1 

174 Highway 470, 2 mls. SW Harveyville NE S'N SW 1 

of Auburn, Sbav,nee Shale Sect. 35 
County T13S R14.E 

176 Highway 470, m1s. S\V Willard Shale NE SW NE 

of Auburn, Shawnee Sect. 3 

County T1Z.S R14E 

177 " " u 2 

178 ti~ 1+70,, ml.s. SW " " 2 

ct Auburn, Shawnee County 

179 " " 2 

180 Bi.ghway Z.70,, 3 ml.a. SW of " SW S,V NE 2 1 1 

Auburn., Shawnee County Seot. 3 

T1l+S R11.t:s 

181 " 
....,., 

Wamego Sba1e " 1 1 '"" 0 . 



182 Highway 470, 4 mls. NE Pillsbury SW SW NW 

of Admire Lyon County Shale Soct. 12, 

T16S R13E 

183 ff ti " 2 

184.A ti " It 2 1 1 1 

184B " tt 11 

185 n Dry Shale II 1 i 

186 " Grand.haven It 1 1 1 

Limestone 

M 
187 " Friedrich II 2 1 1 1 

Shale 

188 " n " 2 

190 a Dry Sba1e " 
191 lli.gbway 70, 2 ml.a • W of Silver Lake SWNE'NN 

'!o aka, Sha oe Coun-ty Shn1e Seot. 31, 

T11S R15E 

192 " " II 1 1 

193 • So1cli.er Creek " ...... . , Sba1e . 
194, n " n 1 1 1 



.... 
195 Higbmly 70, 2 mls. W of So1dier Creek S-t'l NE NW 

Topelm, Shawnee County Shale Seot. 31, 

T11S R15E 

196 High;·;ay 70 2 mls. S of Pony Creek Centre S 1 

Maple Hill, Wabaunsee Shale line SW 

County Sect. 26 

T11S R12E 

197 " It ti 1 1 

• 198 .. " II 

199 " Towle Shale " ,_, 

200 " " ti 1 1 1 

201 Hi.emmy 70, * mis. SW Haxby Sha1e SW SW S\'l 

Kap1e Hil1, '!'a.baunaoe Sect. 27, 
County T11S R12E 

202 " .. " 
203 n " II 

2m. " Weat Bra.nob " 
Sbal.e 

20s >I .. 
" " 1 1 v,f 

"' . 



-·'-

206 P..igh,;::-y 70, J ml. • S of' Hamblin Sh.ale S\'I &,'{ S,.'{ 1 1 

Paxico, Wabaunsee County Seot. 27, 

T11S R·l 2E 

207 " Hughes Creek ~ 'Ti' s tJ i.; J,;I \ , SE 
. 

Shale Seot . 27, 

T11 S R11E 

208 n II " 1 1 1 

209 " tt tt 1 1 1 
. 211 Highuny 70, 3 mls,. N Roca Shale Cantre \7 

of /sl.::s., Wabaunsee sida Seot.26 
County T11S R1 OE 

212 Legion Sba.1e II 1 1 

213 It Sa1em Po'-nt " 1 1 1 

Sha1e 
21,.. IH.ghwny 70:, ½ mi. s Hamb1in Sha1e SE S'N SE 

est Panoo. ube.unaee Seot. 27 
Count '1'11 S R11 E 

220 y 10. 3 m.1.a. NW Spe1.aer Shal.e 8 1:1.ne SE 1 1 1 
v,I 0~ A1 u.nae NW Sect.29 '-:, 
'· -C T118 R1 OE 



.... 221 lfiehv.-ay 70, 3 ml.a. NW Speiser Sha.le S line SE 1 1 1 1 
of Al~~, Vlabaunsea NW Sect.29 
County T1 1 S R1 OE 

222 tt " ft 2 1 1 
223 u ti It 

225 Highf.'o.y 70, 3½ mlo. N\V Blue Rapids SE SE NE 
or Alrr..1, Wabaunsee Shale Sect. 30 
County 

T11S R1 OE 
. 226 n ti tt ,. 1 ' 227 " II " 1 1 

228 " " " 2 
229 " ti 1 
230 Hi.ghway 70• 4 m1a. r,.y Easy Creek s 11.ne Sff 1 1 1 

or Al.ma, Wa.baunaee Sha.1e NE Sect.30 
County 

T11S R1 OE 
231 • " " 232 • ft II 

2,, .. n .. 2 
a • 

1 '-"" Hooaer Sha.l. " 1 1 \~ 



_,. 235 fil.gh\':Cy 70, J+.f mls • NW Eskridge w li.'le rm -f 1 1 1 
of' Alr.:·., Wabaunsee Shale SW Seot.,30 
County T11S R1 OE 

"~6 ft ti It 2 ~-., 

237 " Neva. Limestone " 2 1 1 
2.38 " Eskridge Sha.le ft " 1 1 , 
239 " II n 

240 !I 
It . 241 " Neva Limestone " 

2l+2 " Salem Point " 
Sbal.e 

243 lli.ghw:!.y 10. 6i- ml.a. S Havcmsvil1e W l.ine NW 1 .. 1 I -or z nda1•• Riley- Sha1e SW Soot.28 
County 

T11S R9E 
2ltlt. " n " 1 1 1 21t-7 m._· 70• 6 ml.a. SB Stearns Sba1e W l.:ine SW -

or -- - t-tan. Riley NW S ot.25 
County 

T11S RSE 
248 

1 '>l 
.. 

" " 1 1 
\ . . 21,., " Fl.orena 8ba1e It 1 1 1 



_ .. 
250 Higlma:," 70, 1 ml • E Blue Sprins:s W line N1 

of 1~::a ttan Erl t~ Slw.le SW Seot.27 

Geary County T11S R82 

251 " " " 1 1 1 

252 n II " 
253 ti Kinney n 1 1 1 

Limestono 

~5'~ " Blue Springs II 

Shn.le 

255 " n " .. 
256 " 1' " 2 1 1 

258 111.ghwa.y 1 77 • ½ ml. • SB Johnison Sba1e SW SW NE 

Uanbattan~ 'Riley Sect. 20 

cunty T10S RBE 
25, • " " 
260 Bennett Sha1e " 1 
261 II Jnbnaon Sha1e 1 1 

2'2 113, ½ ml.. or Bounett Sha1e NW SB NE 1 1 1 

• B.U Counv S ot. 14-. ..-
T'IOS R7B 



_._ 263 Highr.~y 11,31 1 ml. N of Neva N 1ino N'E 2 

1,fanha t tan I Riley County Limestone ID'/ Sect. 2 

T1 OS R7E 
264 " " II 2 1 1 
265 Highr.cy 77, 2 mls •. N of Oketo Shale Centre SYl 2 1 1 

Junction City, Geary NW Sect.27 
Count.r T11S R5E 

266 " tt ft 2 . 267 n Holmesville " .. Shale 
268 Mghway TI, 2½ mla. N of n Centre NW 2 1 1 

Juncti.on Ci.ty, Geary NW Sect~27 
·County 

T115 R5E 
269 n ft 1 
270 l/1 otha ID.1.. 8 ot :tnter- Gage Sha1e- N 1i.no NW 2 1 1 

0 ot lli.gh'WQ'a 57/n • NW Sect.~ 
ry Count.,-

T11S R5B 
271 • " " 272 Junot:1on er lli.gbway 57/77. Grant Sba1e Contre NW 1 1 1 1 ... 

-> • 
Q. ry Coun-ty 

SW S ot.27 



_., 
273 HishWlS.j' 70• 2 m1s. E Wymore Slm1a Centre SE Jt 1 • 

of Junction City, Geary SE Sect. 5 

City T11S RSE 

274 If " tt 1 

r.Qo t!:.v 1~ mls. N of Baldwin, Wathena Shale W line 51'{ 

Douzlar, Co~ty N\7 Sect.27 

T·i4S R20E 

281 It II " 2 1 1 1 

282 " " " 
~83 " Ire1and II 

Sana.atone 

284. " " ti 1 1 

286 2 ml.a. N ot Ba1dnn. II NW N\'/ N\V 2 

Dougl.a County Seot. 27 

T14S R20E 
287 •• Ba1drin• " W 1:lne NE 1 1 

Doug]. County S\'f Seot.22 

~1ltS R20E 

C, . 



_., 
288 Highway 10., 2 mls. E o-r Ireland N 1ine NE 

Lawrence., Douglas County Sandstone NE Sect.10 

T1 ,3S R20E 
289 II It tr 

290 15th s~reet, Lawrence, Vinle,nd Shale N line mv 1 1 1 Douglas County 
NE Sect. 5 

T13S R20E 
291 " " " 1 292 " " tt 
294, Highwny 7, 3 mla. N of Tonganoxie NE &r'f NW 1 1 1 
-

Bonner Springs., 
Sandstone Seot. 8 

Y&ndotte County 

295 " 
T11S R23E 

II 
ti 

3 296 
W eaton Sbal.e " 1 1 1 

297 1 1111.. N or Chapman., 
0de1l. Sba1e. SE SW Di.akin on County 

Sect. 17 

2'8 " 
!r'12S Rl.:B 

n .. 
1 1 1 299 • " " 

'-"' 
• 



300 

)II 

:Inter.~~otion of flighfftl.YS 

206/7u, Dickinson C oWl ty 

Paddook 

Shale 

1 1 1 

Sect. ,:;o 

T12S R4 r-, 
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abstra ct

Cubitt, J.M. and Wilkinson, J.G., 1974. A novel method for the study and classification 
of shales. Chem.Geol., 13: 57—61.

The electron spin resonance spectra of a range of shales, from the Upper Pennsylvanian 
and Lower Permian of Kansas, U.S.A., have been recorded. Cluster analysis of the spectral 
data produced a four-group classification of the samples. The results compare well with a 
classification based on X-ray diffraction results.

INTRODUCTION

The classification of fine-grained rock samples is normally based on min-
eralogical content or chemical composition obtained from techniques such as 
X-ray diffraction (X.R.D.), X-ray fluorescence (X.R.F.) and chemical anal-
ysis because conventional microscopic techniques have proved to be inappro-
priate. Since, in recent years, electron spin resonance (E.S.R.) has been ex-
tensively applied to mineralogy (Marfunin, 1965; Low, 1968), we decided 
to study a series of shale samples in order to specify the paramagnetic im-
purities and to provide further information on their mineralogy. As a result 
of this work it has been possible to classify Upper Pennsylvanian and Lower 
Permian shales of Kansas, U.S.A.

exp eri ment al

The shale samples were finely ground in a shatterbox and then packed in 
3-mm internal diameter borosilicate tubes. E.S.R. spectra were recorded at 
room temperature and 77°K (in a quartz insert dewar) on a Varian E-3 X- 
band spectrometer. Only spectra observed at room temperature were used for 
the computer analysis.
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RESULTS AND DISCUSSION

The E.S.R. signals could readily be assigned to the paramagnetic ions Mn^"" 
and Fe^*, together with four discrete features in the region of free spin (g = 
2.0023). The E.S.R. spectra for Mn^* and Fe^* are similar to those previously 
reported in the literature for powdered calcite and dolomite samples 
(Wildeman, 1969, 1970; Ghosh et al., 1970; Schindler and Ghose, 1970; Low 
and Zeira, 1972). The free spin features bear some resemblance to room tem-
perature E.S.R. spectra of certain clay minerals (Boesman and Schoemaker, 
1961; Friedlander et al., 1963; Wauchope and Hague, 1971; Angel and Hall, 
1972; Hall et al., 1974). A complete discussion of possible candidates for 
these E.S.R. spectra will be given in a subsequent paper (J.M. Cubitt and J.G. 
Wilkinson, to be published).

It was noted that the above E.S.R. signals were common to all the spectra 
but since there were many samples and characteristic signals, comparison of 
the spectra was difficult. Consequently, a computer program, commonly used 
in taxonomic classification (Sokal and Sneath, 1963), was used to compare 
the spectral characteristics of each sample. The computer programs available 
(ITBNTOMT and ITBNCLST) calculated the similarities between the samples 
using a simple matching coefficient, (SM), and then clustered the similarity 
values using both unweighted average linkage and single linkage methods 
(Sneath, 1966). This provides us with a hierachical clustering of the shale 
samples, as illustrated in Fig.l.

Fig.l. Dendrogram of the clusters, unweighted average linkage.

The results of the computer analysis clearly show that the shale samples 
lie in four distinct groups (Fig.l). These groupings correlate with a classifica-
tion based on the mineralogical composition of the shales as determined by 
X.R.D. The shales were quantitatively analysed for seven major minerals
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quartz, calcite, dolomite, feldspar, kaolinite, illite and chlorite. Computation- 
a analysis of the data by R-mode principal component analysis, cluster anal- 
ysis and multiple discriminant analysis produced eight groups of samples 
which were spatially distributed as shown in Fig.2. The areas represented by 
he diamond shapes correspond to the mean of the groups ± 1 standard 
aviation along each discriminant axis, i.e., 67% of the samples in that group 

within the diamond. The controlling variables have been superimposed on 
his distribution to indicate the mineralogical nature of each group. It is then 

apparent that groups 1 and 4 are high in quartz content, groups 3 and 8 high 
in calcite, and group 7 high in dolomite. This provides a geologically meaning- 
ul explanation of the X.R.D. classification. A complete discussion of the 

X.R.D. studies will be presented at a later date (J.M. Cubitt, to be published).

Fig.2. Spatial distrib ution of groupings based on X.R.D. data.

An analogous explanation for the E.S.R. classification can be invoked by sim-
ply comparing the distribution of samples within the E.S.R. groups A D and 
the more accurately sub-divided X.R.D. groups 1—8. This comparison is sum-
marised in Table I. As the geological nature of the X.R.D. groups is known a 
direct comparison of Fig.2 and Table I will enable the geological nature of 
the E.S.R. groups to be estimated. This type of comparison shows that 
Group A, as determined by E.S.R., corresponds to predominantly dolomitic 
shales with some included standards. Groups B and D are mainly ca c^eous 
shales and the fundamental distinction between the groups is due o e 
different site symmetries for Mn^* in these shales. Quite clearly, roup 
corresponds to sandy shales.
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TABLE I

A comparison of the distribution of samples in E.S.R. groups A—D with X.R.D. groups 
1-8*

E.S.R. group Number of samples in each X.R.D. group Standards and 
--------------------------------- unclassified 
12345678

A 112 2
B 226251132
C 9 3 2 1 2
D 2 12

*It is clearly seen that of the 15 samples in E.S.R. group C, 9 lie in group 1 of the 
X.R.D. classification, 3 in group 4, 2 in group 5 and 1 in group 6. Since X.R.D. groups 
1 and 4 are predominantly quartz-rich (see Fig.2) we can conclude that E.S.R. group C 
is also predominantly quartz-rich.

CONCLUSION

Since room temperature E.S.R. spectra can be recorded quite quickly 
(usually less than 30 min per sample), and application of the clustering tech-
niques is straight-forward, we feel that this approach can be of significant im-
portance in the study of shales and may have wider uses in geochemistry.
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