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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  date,  but is  not intended to constitute final or formal publication.
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Introduction to field trip
by W . Lyriri W atnz)/ , Johri A . Frerlch. and Evar. K. F rariseen

Kansas Geological Survey. Ia`i/rencc, Kansas  66047

Forward

This tworday field trip is held in conjunction with a
pre-trip, onerday conference and workshop on sedinentary
modering fcaturing nine spealcers and 24 poster papers by
authors from across the United Std(es in celebration of the
centennial year of the Kansas Gcological Survey.  This trip
alsorepresentsthe4lstannualfieldconferenceoftheKansas
Geological Society of wichita. Kansas. The conference and
fieldtripareco-sponsoredandpartiallyfundedbytheKansas
Geological Society. Kansas Geoloctcal Foundation, ARGO
Oil and Gas Company, the Division of Academic Affairs and
DivisionofcontinuingEducationatTheuniversityofKansas,
and  the  Kansas  Geological  Survey.    An  objective  of the
conference and field trip is to provide a working forum for
sedimentary computer modeling, a rapidly developing and
promising discipline.  Another objective is ro permit inLerac-

tion of model developers with academic and industry geolo-
gistsfromaroundthecountrywhoareacquiringdetafromthe
rocks and whose interpretations could be assisted t)y com-
puter  simulation  and  vice  versa.    We  will  also  examine
approaches to describing and analyzing geologic data that
will be helpful in constraining geologic intelpretations and
increasing accuracy and precision of geoloctcal predictions.
Modeling is a tool, the model being only as good or useful as
the input data.

The  fcx:us of the field  trip  is  to examine current

approaches to deciphering the history of cyclothem ic depo-
sition of the Upper Pennsylvanian (Missourian) Lansing and
Kansas  City  groups  and  to  evaluate  the  applicabiliLy  of
sequence-stratigraphic concepts to these strata.

Logistics and organization of field trip

Field stops

Fig. 1 identifies the field stops for the two-day field
ulp.  Fig. 2 shows the regional structural setting for the field
trip using the present-day configLiration of the Fhecambrian
surface. Additional maps are provided for each stop to orient
readers to the local stLrroundings.  Table 1 hsts the schedule
and itinerary for the field stops.   The stratigraphic section
seen during the course of the field trip is illustrated in fig. 3
(a, b. and c).  These seetious are annotated with the stratal
interval seen on each stop.  Formation nomenchture and an
informal  sequence-stratigraphic  nomenclature  is  also  in-
cluded.  Staps 1 through 7 seen on the first day of the rip will
be made in the lrawrence and Kansas City area. Driving time
is  short between  stops  on  the  first  day,  permitting  close
examination of the outcrops and hopefully providing suffi-
cient time for questions.  All of these surface exposures are
relatively new and fresh.

The second day of the trip includes Stops 8 through
13.  These stops will illustrate changes in stratigraphy asso-
ciated with the transition from shelf to shelf margin to the
depositional basin developed shelfward of the deep Arkoma
basin (fig. 2).  The longer driving time between slops during
the second dry will provide time (o assimilate commentary
aboutnearbysurfaceexposuresandthesubsurfacedatabase.
which will help Lo clarify interpretations.  Fig. 4 is a regional
north-south stratigraphic cross section composed of wireline

Iogsthatwillbeusefulfororientationalongtheshelf-ro-basin
transition.  The cross section extends from south of Kansas
City to the Oklahoma line immediately west of Coffeyvillc,
Kansas. The index map for this cross section is shown in fig,
1.   Wells used for this cross section are very shallow and
located  in  proximity  to  the  stops.    The  cross  section  is
annotated with the projected lceations of the field slops for
orientation.

Figs.  5  through   14  are  isopach  maps  useful  in
understanding the regional shelf-to-basin transition.  These
computer-generatedmapsincludedatapoints(wirelinelogs),
weus  present  on  the  regional  crdss  section  (fig.  4),  and
lacationsoffieldstopsforbothdays.Thearcacoveredbythis
series of maps is provided in the road map (fig.  1).

The first part of this guidebook is an introduction lo
the  regional  geologic  setting.  the cyclothem  concepL  and
application of sequence stratigraphy.   Appendix A follows
the introduction providing definitions used in sequence stra-
tigraphy.  Two papers follow the appendix before the field
stops, one on the status of computer modeling of midconti-
nentcyclothemsbyWatney.French,andWongandLheothcr
on  application  of high-resolu(ion  reflection  seismology  (o
eastern Kansas cyclothems by Kmapp.

Stop  descriptions  include oricntalion  information
and an introduction to the regional and local perspectives of
the stop.  Commentary on stra[igraphy with graphic seclions



FIGURE  1-INDEX M^P oF E^STEFIN K^Ns^s sHotirING srops oN FELL) TRlp (numbcTs and triangles). index of well locations (letters) used
to make regional cross section found in fig. 4. and ha(chured area in southeastcm Kansas delimiting area rnapped in figs. 5-13.



\\`..,,.:,i-``!|n,,,,'o

Wjcli'i:ii,-``-`

EXPLANATION

~ trust f lui
~ Hew A.Ici£ FAULT (L.cb.. -de.tA .-..-. )

`^.Cl ^Ssf€ D F ^u T
-  pfi€c^.cefti^.i ftocxs t...".>
E=pftEc"eei^Nsl-fm^cacT^isEDiw.NT{±?,Y.fucculx§

c=  p4cozcre FELsic VCL.c^^Ic f`cexs   ts.. cLi..
_   -`__-__.._  __'_(i-,tJ, C,,',c,~,r«*.)
I  pfiEC^uekL^N NTm/srvc tculs

c=  puEazoic cu^{i.T. Fic*.a

FIGURE 2-ormouR^non oF The  PREc^hoRI^N B^sEMENI` IN so`rlmEN hm)cow.mENT  (from  Rascoe  and Adler.  1983).  amofated
with lceaLion of field-chp traverse.  Note that while southcaLstm Kansas is 200 Ini (358 kin) from the dear Arkoma basili sub-
sidence of the Arkoma basin during Missourian time significantly affected southeastern Kansas to fom a depositional basin.

and photos describe each stop. Lithology, formadon nomen-
clatlire, and cyclothem and sequence-smtigraphic nomen-
cfaaire are indicated  in  the glaphic  seetious.   Dunhan.s
carbotrate classification is used.  Significant surfaces useful
in  sequence-stratiglaphic  intapretation  are  annotated  on
each mcasined section using standard symbols.  A proffle of
natural gamma radiation is provided on most sections to
facilitate  conelation  to  the  subsurface.    The  gamma-ray
profiles were acquired with the use of a hand-held gamma
scintfllometer.   Recorded values are in counts per second.
The  gamma-ray  profiles  are  conelated  in  some  stops  to
gafnmaray-neutlonlogsfromwellsintheimmediatevicinity
toillustratethefeasibiliLyofusingwirelinelogsinsequence-
smtigraphic work and to nlustrate stratigraphic changes in
the vicinity of the stop.

The  descriptions  are  not exhaustive  but provide
sufficient infomation to convey the principles of sequence
stratigraphy.   This  is  a progress report and the object of
continued interdisciplinary study.  Ancillary mcasued sec-
tions  from  nearby  localities,  maps. and cross seetious  are
included at some stops to assist in establishing their interpre-
tation.

Several individuals will conthbute at the various
stops.   Their participation  iuustrates different approaches
that are important to improve understanding of these rocks
and to constrain interpretations. Colhborative effolts should
continue to help reach the goal of establishing accurate and
precise quantitative process- response relationships and de-
tailed correlations that will facnitate development of more
sophisticated models of these rcx:ks.

This field trip is a sampling of our approach to re-
examine outcrops of the Lansing and Kansas City groups in
eastern Kansas in order to develop quantitative processes-
response sedimentary models.  These saidies are being con-
ducted in concert with reservoir studies to assist industry in
optimizing exploration  and development strategies  as  ap-
phed to similar reservoirs.

Petroleum-reservoir analogue
development

WebelievethatsoutheastemKansaswillserveasan
excellent near surface analogue where depositional models



+

for  pcuolcum  reservoirs  contained  in  similar  rocks  in  lhc
subsurface can be rerined and [ested.   Additional funds that
are currently pending should accelerate these ef.forts of the
Kansas Geological S iirvey in better constraining petroleum-
reservoir description, analysis, and prediction.  Advantages
of this  area  for  improved  reservoir modenng  include:  1)
significantstackinggeomeriesovershortdistancesresulting
from significant depositional topography; 2) large carbonate
buildups constrained in three dimensions; 3) equivalen( sil-
iciclastic- and basinal-facies sequences occur at the surface
and in the shallow subsurface due to stratal geomethes and
the dip of the strata relative to the outcrop; 4) the area is weu
suited to economical seismic, coring, logging, and surface
examination, faciritating in(erdisciplinary investigation;  5)
both sandstones and carbonates examined are targets of on
and  gas  exploration  and  development in  the  western  and
southern portions of the sandy area

Cratonic  sedimentation  is  characteristically  epi-
sodic and the stratigraphic record is compartmentarized by
naturalbreaks.Surfacesthatreflecteithcrpausesinsedimen-
ta[ion or abrupt facies dislocation can be visually identified
and imaged with common subsurface tools.  Recognition of
such  surfaces  provides  a  practical  means  of  delineating
temporally distinct strata.   Sequence stratigraphy provides
concepts and methods useful in interpreting the processes
responsiblefordepositionofunitswithinthesetimelequiva-
lent sedimentary paclcages. We believe this approach can be
effectively  and  practically  applied  in  the  midcontinenL
However. testhg of concepts. refinement of methodology,
andapplicationofnewtechnologyisneededinordertomake
sequence stratigraphy and sedimentary modeling practical
tcols for predicting characteristics of petroleum reservoirs.
Detailedpaleogeographicreconstructiousbasedonrecogni-
lion  and  mapping  of timerdistinct depositional  sequences
provides a  means  for prediction  through exmpolation or
interpolation.  We envision this approach to bc immediately
promising in exploration, and as more information is ob-
Lained. parameters become better constrained, and models
become  more  sophisticated.  we  see  the  use  extended  to
petroleum rdevelopmen[ geology.

Thecycncpenusylvanianandlrowerpemianstrata
ofthemidcontinentareofappropriatethiclmessanddistribu-
tion to provide a practical framework for sequence analysis
using surface exposures, cores, wireline logs. and very high
resolution seismic profinng.  Morcover, the subsulface data
baseforthesestratainthemidcontirent,whichspansabroad
shelf-to-basin  setting, provides  supelb  three-  dimensional
control.   In excess of 150,000 wells exist in Kansas alone.
Recentdevelopmentsinregionalbiosmtigraphiccorrelation
corroborate the effects of oscillations of regional processes.
Regional conefations of individual depositional sequences
provide strong support for the feasfoility of establishing and
analyzing  regional  sequence  architecture  as  a  means  of
providing paramcters for computer sinulation.

Oil and gas resources in
Missourian rocks in

midcontinent

Carbomate and sandstone reservoirs have been the
petroleum-producingzonesinmorethan50%ofthesuccess-
ful development and exploration wells in Kansas since 1970.
The  ultimate  recovery  from  Pennsylvanian  rocks  in  the
midcontinent is estinated to be nearly 9 bnlion barrels of oil
@0; Rascce and Adler. 1983).  Non-associated natural gas
produced from Pennsylvanian reservoir rocks from the mid-
coninent now totals some 32 trillion ft3. A( least one-fifth of
Kansas' estimated 2.4 bimon banels of unswapt mobile otl
@POIToris data base) and 8.7 biuion barreis of residual
(inmobile) oil remain in existhg Pennsylvanian reservoirs.
Thesereservoirsalsocontainover23%oftheoriginal®il-in-
pface.    Oil  and  gas  reservoirs  occur in characteristically
slacked. commonly thin, discontinuous strata consisting of
phylloid  algal.  chaetetid,  and  crinoid-bryozoan  carbonate
buildups. grainstone shoals, and quartz sandstones. Variable
diagenetic prcx>esses and subtle strucairal deformation have
createdadditionalcomplexitiesinreservoirdevelopmen(and
hydrocarbon trapping.  Heterogeneity and mariced compan-
mentalization of strata cx;cur at all scales in the Missourian
reservoirs (fig. 15).  An estimated one-fourth of the oil and
40%ofthenaturalgasultimatelyproducedinthisregionwin
come from smaller Pennsylvanian fields. Nearly 30% of all
newoflisproducedfromlrdnsingandKansasCityreservoirs
in Kansas (Wamey et al., 1989).

FieldsproducingfromthelansingandKansasCity
groups are commonly found on strucniral highs both large
and small, in part, because these reservoirs have been the
primary exploration targets.  Many of these structures were
also  positive  topographic  fcaaires  that  affeeted  reservoir
development. either through localization of favoral)le de-
positional environments (such as graiustone shoals or phyl-
loid algal bLiildups), or through early diagenesis rented to
subaerial  exposure  (DUBois,  1985;  Ebanks  and  Wamey,
1985; Wamey,1980,1984; Wamey and French,1988; Wa[-
ney and S[epheus. in review).

Stackedpayzonesarecommononlargerstructures.
Also,  lateral  porosity  variations  in  individual  zones  are
common  within  a  field,  e.g.,  the  80-wen  Cahoj  field  in
Rawlius  County,  Kansas,  is  compartmentalized  into  ele-
ments ranging from one ro 10 wells (Watney and Stephens,
in review).  In addition Lo continued exploration. the predic-
tion of porosity and pemcability development at an inter-
well  scale  will  be  a  major  fuaire challenge  as  improved
recovery smtectes are applied.  Kansas harbors a multitude
of opportu-nities for petroleum companies.

Primary recovery of originaloil-in-place in lan-
sing  and  Kansas  City  reservoirs  in  northern  and  central
Kansas is typically low due to solution-gasrdrive reservoirs.



Applicationsofsccondary-rccoverymcihodslypicallydouble
Primary  production and can  increase production  rive-fold.
New drilhng and completion technology, such as horizontal
drilung  and  permcabirity  modification  in  producing  and
injection  wells  (to reduce hacture and  vug perTncabirity),
should offer substandal rewards.

We  believe  the  optimum  approach  ro  reservoir
analysisinvolvesaninterdisciplinaryapproachcoupledwiLh
quantitative process modeling of stratigraphic units associ-
ated with the reservoirs.  A goal of modenng is to simulate
stratigrachic architecaire and associated reservoir compart-
mentalization ro assist in defining constraints for porosity
accunence.  For example, hte-stage cementation may be a
very  importan( compoTLent in  poresity loss in some areas
(Anderson. 1989). Southeuslem Kansas will serve as a near-
surface and surface analc.gue for more deeply buried reser-
voirs.Haedatacanbeacqu.iredcconomicallya(criticalsites
to build and test models.

Sedimemary models are increasingly being based
on concepts of sequence stratigraphy. The models require an
integrated geascience data base that ranges from the large
scale (such as teetonic history) ro the small scale (e.g., the
application  of chemical  stratigraphy,  biostratigraphy,  and
pale-logy).

\

AcxNowuDGhreNIs-Extensive fund ing needed for
systematic interdisciplinary studies have been sought by lhc
K.ausas Geological Survey, e.g., an NSF Center for Quanti-
tative Genetic  Stratigraphy.   These efforts continue.   The
Survey has encouraged and nominally supported interdisci-
plinary efforts with very encouraging results.  The inforTna-
tion conveyed on this field tip coustia]tes. in part, the results
of some of these workers as cited, many of whom are in
attendance,  Deepest appreciation is extended to them; their
efforts  and  contributions  make  a  trip  like  this  possible.
ContributorstostopsonthisripincludeDonaldBaars,AIlan
Bennison.PauJEnos,HowardFeldman,EvanFranseen.John
French. Philip Heckel. Derek Herman. Ralch Knapp. Chris
Maples, Irenore Tedesco,  IIarold Wanless. Jr.. and Lynn
Watney.  Appreciation is extended to I.ea Arm Davidson for
wordprocessingandtoRenateHensiekforpreparingtechni-
cal illustrarious; to Rch Fillmore. Kevin Cinninghan , Brian
Forgey, and Mike lambert  for assistance provided  with
technical  illustrations;  and  to  Donald  Baars,  Paul  Enos.
Philip Heckel. and Chris Maples for review of the manL]-
scripl Thanks is given to Rob Fillmore, Steven Roth, Kevin
Cuminghan, and John Youle for help with field logistics.

S tratigraphic framework

Stratigraphic nomenclature in Kansas is based on
the cafoonaterdominated strata of Missourian age, typified
by shelf sequences on the northern mideontinent (fig. 3). The
fomationsexaminedinthisfieldtripextendfromtheStanton
Limestone of the Kansas City Group (Missourian. Upper
Penlisylvanian)  dorm  to  the Pleasanton Group of lowest
Missourianage(fig.3aandb).The"CoffeyvilleFormation"
is an informal classification of the basin`irard sniciclastic-
domilratedsuccessionfoundinsoutheastemKansas(fig.3c).
Equivalent shelf-based strata composing the "Coffeyville
Formation" include the Swope and Hertha formations and
Plcasanton Group identified on the regional cross section
across the Kansas shelf to basin (fig. 4).

Thirteen stops on the twcrday rip reveal the malre
of the NIssourian cyclothemic stratigraphic succession and
includeaplethoraofrocknamesandatlendantrock<lassifi-
cationschemes(fig.3a,b.andc).Thesenanesareconfusing
to those unfamiliar with midcontinent geology.  So, keep the
stratigraphic charts handy!  We will observe, however. the(
certainthinstratalunitsarecorrelativeoverwidesprcadareas
andimportantinoverallinterpretation.Smtalandlitholoctc
variability exist: this variability will be iuustrated on the tip.
We  will  demonstrate  what  we  betieve  to  be  tetnporally
distinct,surface-boundeddepositionalsequenees(fig.3)that
provide  an  efficient  means  to  establish  conelations,  and
whichcanbeusedrodevelopprocessinterpretationssuitable
for modeling.

Astratigraphiccrosssection(fig.16)linkstheupper
Desmoinesian  and lower Missourian  "Coffeyville  forma-
tion"  in  southern Kansas  with  the siliciclasticrdominated
section in Oklahoma  The section extends southward from
the  Kansas  cross  section  shown  in  fig. 4.    The regional
conelation of cyclothems has posed considerable problems
over the years due to the abnpt change from carbonate-
domimtedstratainKansastosniciclasticrdominatedstratain
Oklahoma.  Bermison (1984, 1985) has developed lithostra-
tiglaphic evidence to estabnsh detailed basin-to-shelf corre-
lations along the Ackoma basin of Desmoinesian and Mis-
sourian siliciclastic strata using bhck shales and associated
marine-flooding episodes.  He depicts a depositional model
characterizedbyprogradationofclasticwedgesderivedfrom
the Ounchita Mountains which eventmlly ffli led the Arkorna
basin @ermison. 1985; fig.  16).

Episodes of both siliciclastic and carboTLate sedi-
mentationinoklahomaandKansasarepunctuntedbywidely
correlative black shales,  thin  nmestones, and coals,   The
bhackshales.andtoalesserdegreethethinlimestones.persis(
across both the southern sihciclastic belt and the rorthem
cafoorLaterdominated shelf. In contrast. intervening shallow-
ing-upward strata change notably in thiclmess and composi-
tion from south to north (fig.16).  Bennison (1985) identifies
three thick, siriciclastic intervals, the Ladore and Galesburg
shale equivalents and the Nellie Bly.   These are informal
names  in  Oklahoma.    The  ladore  and  Galesburg  Shale
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cquivalcnls  are  rcfcrrcd  to  as  lhc  lower and  upper  Leyton
sands, respeclivcly, when encountered in the subsurfacc.

The black  Hushpuckliey  and  Stark shales are ex-
amples of the regionally colTelative lithostratigraphic units
(fig.  16).  Lithostratigraphic correlations in other basins are
substantiated  by  conodont and  ammonoid  biostratigraphy
(Boardman and Heckel,  1989).   Both shales emit elevated
gamma radiation and provide very distinctive "kicks" on the
natural gamma-ray log (fig. 4).  The bhck shales maintain a
remarkable homogeneity acrcrss extensive areas of the shelf
and basin.   The Hushpuckney and Static shales are part of
major  marine  inundations  referred  to  as  the  Swope  and
Dermis depositional sequences in Kansas (fig. 3).

Other hitholoctcally. biostratigraphically. and pet-
rophysically  (natural gamma-ray maxima) distinctive ma-
rine shales are persistent over large areas of eastern Kansas
and eastern Oklahoma and therefore provide good surface
andsubsurfaceconehion.TheseshalesineludetheNuyaka
Creek Shale found in the uppermost Desmoinesian of Kan-
sas. overlain by the Mound City Shale of the Hertha Forma-
(ion. Other widespread. stratigraphically higher black shales
thatserveasgoodmarkersincludetheQuivinshaleMember
oftheDeweyLimestone,theMunciecreekshaleMemberof
the Iola Limestone, and the Eudora Shale Member of the
Stanton Limestone (fig. 3).  These markers are continuous
between areas that represent significant changes in deposi-
Lional environments.

Combined  surface  and  subsurfacc  mapping  indi-
cates that the belts of Missourian phylloid algal buildups in
southeastern Kansas (Heekel and Cacke,  1969) and broad,
thick  ooid-shoal  complexes  in  western  Kansas  (WaLney,
1985a) developed along an  east-west  trend.   These  facies
coincide with a southern shelf margin  that extends across
southern Kansas bordering both the shelfward extensions of
the Arkoma and Anadarico basins, which were active during
the  Missourian.    Lower  Missourian  algal  buildups  form
elongate, regionally extensive bank complexes in southeas[-
em Kansas ranging from 6 to 19 mi ( 10-30 kin) wide, which
can be three times the thickness (loo f[ 30 in) of the endue
cyclothem on the northern shelf. The coid-shoal complex of
western Kansas forms a broader progradetional belt some
loo mi (160 kin) wide due to less abrupt change in deposi-
tional slope (Watney. 1985a and b).  Phylloid algal mounds
aremoreisolatedbutimportantintimitedstratigraphicinter-
vals in western Kansas Gbanlcs and Watney, 1985).  Like-
wise,  ooid shoals  are presenL  but  less  abundant,  and  are
isoha(edwithinspeeificstratigraphiczonesineasternKausas.

The idea of a widespread, Layercake stratigraphy in
midcontinent strata is seriously compromised when the re-
gional setting is considered.  Moreover. it is the deciphering
of these smtal packages in areas of varying levels of strati-
graphic and sedimentologic resolution and composition that
willultimatelyprovidethemeanstoidentifyandquantifythe
controll ing prcxx3sses.

FIGURE  15ul4^p nu7s.n^TINo  wEus  mNEn^TINo  Trm UppER  PENNSTLv^NI^N-AGE  I^NSINo  AND  K^Ns^s  CrrT GRoups  IN  KANSAS:
noxproductive wells aightcr shaded spots) and producing wells ®lack spots).
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Regional geologic setting

During  Missourian  time  the  large supercontinen(
Pangca was in the final stages of fomation (fig.  17).   The
OuachitaMountainsborderingthemidcontinentonthesouth-
east formed along the suture zone created by the colnsion of
launsia with Gondwana (fig.18. Rascce and Adler,1983).
Broad, active patterns of subsidence, accompanied by more
resricted xplifts, occulTed on the craton during this couision
creating very favorable sediment-accommodation potential
during the Pennsylvanian (IIouseknecht and Kacena. 1983;
Kluth and Coney.1981a and b; Thomas,1985).

Shelf aeas were subsiding less rapidly and sedi-
ment-acculnulation  rates  were  relatively  high  during  the
Permo-Pennsylvanian.  Thicknesses of these strata account
for45-75%ofthepaleozoicsedimentarycolumnontheshelf
area in Kansas. even though the PemcLpennsylvanian rep-
resents only 23% of paleozoic time.  Overall it was a period
ofsignificantsubsidenceandburialofsedimentsontheshelf,
producing a high-fidelity sedimentary record.

The disribution of uplifts within the craton is no-
table in that most are oriented a( a high angle to the orogenic
bell  The prominent Amarillo-Wichita uplift (Oklahoma),
Nemaha uplft (Kansas). and Central Basin platform Texas)
all  accupy  locations  conesponding  ro  the  a](es  of lower
Paleozoic basins (Ham and Wilson.  1967) which, in (urn.
formed above, or adjacent to, relict Cambrian or Proterozoic
crustal  features (Keller e[ al.,  1983).   Timing of orogenic
deformation was diachronous along the length of the Ou-
achita orogen.   The span o.f time was sufficiently brief to
milTorthebroadlyccevaldeformationoftheforelandbasins.
including  the  Anadar)co  and  Arkoma  basins  (Kluth  and
Coney,1981a and b).

The Ouachita Mountains were an active thrust belt,
and the Afroma basin  was  the associated forehnd basin
during the Missourian.   Clastic progradation from the Ou-
achitasepisodicallyfilledtheAckomabasinandoccasionally
rcachedontothecarbomtephfformtothenor(hintosouthern
Kansas (fig. 18).  The Arkoma basin was ncarly filled with
derital  sediments by  Missourian  time due to diminished
subsidence,ascomparedtopeaksubsidenceduringclimactic
orogenic  acdvity  during  Atokan  tine  (IIouselmecht  and
Kacem,  1983).    In  contrast.  the  southern  margin  of the
westemshelfalongtheAnadarkobasinwasneveraffeetedby
simnarclasticinfliix,butunderwentepisodiccarbonateshelf-
margin progradation and retrcat.

The areal variation of average subsidence rates on
the shelf during the Missourian conforms lo basin develop-
ment in the southern midcontinent (fig.19; Kluth,1986). The
average  subsidence  rates  vary  considerably  from  shelf [o
basin, ranging from more than 0.3 in (I ft)/ka in the basin (o
less  than  0.05  in  (0.17  ft)/ka  on  the  northern  shelf.   The
average subsidence includes episodic thms[-induced subsi-
dence, characterized by pulses of rapid downwarp followed
bylongerperiodsofslowersubsidence.Thepreciseduration
of these episodes is not weu known.

Comparisons are made on this field trip of eastern
Kansas with the Missourian rocks on the western Kansas
shelf, where a major share of petroleum is produced from the
lansing  and  Kansas  City  groups  (fig.  15).    Subsidence
patterns are similar in western Kansas but are influenced by
a different  tectonic  element  than  in  southeastern  Kansas.
Thus, precise tectonic parallism can no( be assumed.   The
Anadarko basin, which was responsible for subsidence along
the  western  Kansas  shelf.  is  a  hybrid  foreland  basin  that
partially  owes  its  subsidence  ro  overthrusting  of  crustal
blacks now exposed in the Wichita Mountains in western
Oklahoma.UpliftoftheAmarillcLwichitarArbucklemoun-
tains beginning in the Early Pennsylvanian (Atokan) coin-
cides with the onset of significant subsidence and definition
of the Amdarico basin ®rewer et al., 1983).  Some 8L9 kin
(5rf mi) of northward thrusting in the Wichitas are indicated
by dequfleetion seismic pro filing @rewer et al., 1983).
Thnisting is atthbuted to the plate collision along the Ou-
achitas.pethapsultimatelylinkingwithtec[oniceventsinthe
Arkoma basin. Uplift along the mountain front is recorded as
majorepisodesofconglomerateprogradationintothesouth-
em margin of the Anadarko basin (Harm and Wilson. 1967).
These episodes appear to have each lasted several million
years and led to considerable subsidence in the basin and
adjoining shelves.

DuringMissourianandvirgiliantimetheAnadarko
basin  was  at its  maximum  development;  subsidenec  was
ealmated to have exceeded 2 in (7 ft)/Ka (Dickinson and
Yalborough,  1979).   Maximum  subsidence in the western
Anadacko basin situated immediately south of the western
Kansas shelf is recognized by sediment-starved conditions
(Galloway et al., 1977; Kumar and Sla[| 1984: Rascoe and
Adler. 1983).  Fig. 20. prepared by George Mcore (unpub-
lished, circa  1974), provides an excellent depiction  of this

FIGURE  16  (opposite)+loR"-so(rrti  si.RAnoR^p(+Ic cRoss  sEc.noN  oF  THE  upp"oST  DESMOINEsl^N  ^NI)  rot`rER  MlssouRI^N  sil-
iciclasticrdominated  strata  along  the  traverse  from to`irns  and cities of Okernah,  Beggs. Tutsa`  and  Bartlesvil]c  in casterli
Oklahoma extending into cxtrcrnc southern Kansas (prcparcd by Auen Bennison).



FIGURE  17-HErmsprmRE oF OLOBE sHonrINci  EUR^MERIc^  ^NI)  u)c^noN  oF lock)NTINENT  DURING  PENNSTLv^Nml  (Ross  and  Ross,
1987).
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FIGURE  l9uldssouRI^N mcnoNIc FE^nrREs  wml ^vER^oB sunslDENCE  RATEs  roR MlssouRI^N T"B:   white arces  =< 0.05  to 02
mAc&; dark stippled pattcm => 0.05 to 0,2 mA[a; md rightcr stipple => 02 to 03 nvka.  Subsidence in AI]corm basin in waning
stages during the Missourian (Kluth. 1986).

sedinent starvation in the western Anadalko basin during
Missourian time.  Eastern linits of the basin in proximity to
the OLrachita Mountains received reciprocally deposited sn-
iciclastic sediments similar to the Ariroma basin. Estimated
relief across the shelf margin in the Anadarko basin during
the I.ate Pennsylvanian was estimated at 1,100 fu 035 in;
Kumar and Slatt. 1984).

Subsidence creates accommodation apace for sedi-
ments and prodiices a complex signal in the sedimentary
record. which is the fcx=us and nvdihood of basin modelers,
The complerities of this subsidence history must be under-
stood  and  accouneed  for  in  any  enlightened  attempts  at
quantitative reservoir modeling.
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Cyclothem concept

General nature of Upper Pennsylvanian
(Mis sourian) stratigraphy

Upper  Permsylvanian  (Missourian.  Kasimovian.
carlystephanian)strataofthemidcontinentuhitedstatesare
characterized by thin cyclical successions of variable per-
centages  of cartx)Rate  and  siliciclastic  rocks,  with  thick-
nesses of less than 75 ft (25 in) to 150 ft (50 in). Comprehen-
sive overviews of Pennsylvanian cyclic sedimentation are
found in Merriam  (1964) and Heckel (1977,  1984.  1985).
Cyclesofsedimentationor.`cyclothems"developedonshelf
aleasofthemidcontinentgenerallyhavethinbutwidespread
transgressivebasallithofaciesoverlainbythickerregressive
strata (fig. 21, Heckel.  1977). These cyclothems ae com-
monly sepaneed from bounding strata by surfaces that are
commonly associated with diagenetic and textural fcaaires
indicative  of subaerial  wcathering  (Wathey  and  Ebanks,
1978;  Wamey,  1980;  Prather.  1981;  Schutter and Heekel.
1985;  Gcebel et al.,1989).   Variations inJhickness. areal
extent,andlithofaciesintypicalcyclothemssuggestvarying

degrees of marine inundation of the craton (Heckel.  1980,
1984,  1986; Watney.  1984).   Additional omission surfaces

#otn]dyefi:ebeddi::C;I:;:¥:#c:::£esm¥:es:Cceeses¥;eo:s°::
the shelf.  Cyclothems are considered to be the same as fifth-
order IT-R)  units @usch and Rouins,  1984;  Busch et al.,
1985) with duralious betwreen 3cO and 500 Ka.  The order
hierarchydeschbestherelativetiningofcyclicalpatternsin
the rocks and  has  connotations  as  to  causal  mechanisms
(table 1).

Cyclothems are widespread on the shelf areas, but
regional  intefoasinal  conelations  were  not possible  unul
recently  because  their  tine  spans  were  shorter  than  the
resolution levels of accepted biastratigraphic information.
However. current investigations by Boardman and Heckel
(1989)onindependentcomparisonsofammonoid,conodon|
fusulinid. and coral groups provide conehtious between 13
major Virginan and Missotirian cyclothems in the eastern
shelfoftheMidlandbasinandthenorthemmidcontinent(fig.
22. Boardman and Heekpl. 1989).  Correlations reflect syn-
chronous marine inundattion in both areas.
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FIGURE 22dLJra^l+Btm^nc sE^+|IVEL c`}R`rBs  FioR EiquT UmR PEENsnv^NI^N sua=sslow IN NORTHa}rnt^L. TEX^S AND ho-
a~ cokREl^1D usnro B|os.nt^non^r|rir.  amres depict maxinun inundrtious based on occuzlencc of black shale md
bvftndbasedoncxtmtofsobacria|exposuca}oardmanandHcckcL1989).

TABIJ  IH"^Rcrv or Rcxx cTou2s  Rm"o To REt^TTVE CENOB IN sE^ LEVEL-

ELrdg_ftyE
2nd arfu

3rd oTdcr

4th oTdd
5th order

6th order

Duration
225-3cO Ma
20" Ma

7-13 Ma

0.6-3.6 Ma
300-500 h

50-130 ka

Pl&t movcmcnt and volume of ocean basin Q'alcozoic"esozoic)
Sloss eratonic sequences plate movement-tcctonic syntherns of Chmg

(1975)
Clocfingh`s ( 1988) intraplale response to changing stTcss patlcTlis: rstcs =

0.01 to 0.1 Iul[& (slow) (gradual)
Mcsothcm of RamsbottoTn teetonism-thrust loading
Outal parelncters md clinatc (also lower orders); Pc[insylvanian

cyciotheus
PAC ®unctmed aggrnd&tional cycles)doodwin and Andcrson (1985):

Plcistoccnc glacial-inecrglacial (rates 2-10 nvka)
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Foraminifcral,ammonoid,andconodon(zoneshavc
also bccn used by Ross and Ross (1987) [o extend correla-
tions of similar Pennsylvanian marine inundations globauy
(fig. 23).  Both Boardman and Hcckel (1989) and Russ and
Ross (1987) athibute the sea-level flucn]ation to late Paleo-
zoic continental glaciation.

Middle (transgressive) limestone

Using  the  nomenclanire  of  Heekel  (1977),  the
lowermost bed of the cyclothem is the middle or transgres-
sive limestone (fig. 21).  The name middle linestone results
from maintenance ofR. C. Mcore's (1936,1949) nomench-
(`ml scheme for Virgilian megacyclothems.

Themiddlelimestoneisawidespreadtransgressive
deposit that is typically a few feet thick or less.  These units
were deposited in environments that ranged from the shore-
line to below wavebase.   Most preserved beds consist of
subtidal marine wackestones.   hdiddle limestone thickness
ranges from relatively thick (50 ft [15 m]). to very thin, to
absent, as will be seen on the field trip.

Core shale       -

The core shale overlies the midde~nmestone in the
typical Kansas cyclothem (fig. 21). Ccne shales are typically
thin,aboutl-3ft(OJro.9m)and.Iikethemiddlelinestones,
areareallyextensive.Somecoreshalesarebbckandcnganic
rich (>4% carbon) and commonly contain phosphate nod-
ules.    The bhck  core  shales  are  readily  recognizable  in
surface exposures and are frequently excellent subsurface
markers due to their high natural gamma radioactivity.  For
erample, the Hushpuckney and Static shales can be traced
throughout the outcrop belt from Iowa and southward deep
into siliciclastic cycles in the Aricoma basin south of Tulsa.
They also extend over 400 mi (640 kin) to the west into
western Kansas and eastern Colorado whcle they can be
readily identified through their srmg radichctive response
on  gamma-ray  logs  (figs.  24+26.  StariL  Hushpuclmey).
Nevertheless,  the  black  shales  chrxptly  change  to  glny,
fossinferous shales along the upper shelf in northwestern
Kansas and thin gray shales over the Central Kansas uplift
(figs. 25 and 26), a long-tin positive element.

Wanless (1964) used these black shales, which are
also  common  to  a number of Mddle Pennsylvanian  cy-
clothems.  to  physically  correlate  siliciclasticrdominated
cyclothems in Ilinois with equivalen| more marinerdomi-
Tiated successions in the westm midconinenl   Although
biostratigraphy is now verifying these conehtions. Wanless
emphasized  that  a  particular  cyclothem  could  be  distin-
guishedthroughconelationofthecoreshaleregardlessofthe
variation in the remaining successia(I Of sediments.

The origin of the bhck core shales has been vigor-
ously debated. Heekel ( 1977) reemphasized the significance
of the regional correlatabinty demonstrated by Wanless and
stressed that this hteral continuity, coupled with the faunal
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FIGURE  25-M^xlM"  GAMMA  R^DIAT[oN  (API  uNrrs)  oF  MissoL7RI^N  STARK  Sii^ue  roR  sliELF AREA  IN  WESTERN  K^Ns^s.    Values
inexcessofl60Aplunits(darkergray)areassociatedwithblackshale.Heavylineincastemportionofmapoutlinesnorthwcst-
southeast-trending Central Kansas uplift  Mapped arcs and control sho`m in fig. 24.

composition and presence of nonckeletal phosphate, made
thebhackshalethedeepestwaterdepositofthecyclothem.In
the western craton. along the outcrop belt, the indigenous
faunaiscomposedprimarilyofconodonts,ammonoids(from
thesouthemexposures),andfishdebrissuggestingveryslow
sediment-aceumuhtion rates,  Minor elements such as ura-
nium and various other metals are also abundant in the black
shale along with phosphate.   Heckel (1977.  1985) has pro-

posed that the water column in which black shale accumu-
lated  contained  a  thermocline  leading  lo  quasi-estuarine
circulation and upweuing, which accounts for the conspicu-
ous phosphate.  Water depths would necessarily be deep to
accommodate formation of a long-term , stable thermceline.

Boardman  et  al.  (1984)  provide  a  paleoecologic
model that relates faunal communities to dissolved oxygen
which is in tim rented ro a depth-defined bottom oxycline
associated with vertical stratification resulting from the th-
emacline (fig. 27).   Sufricient depths and stratification can

result  in  anoxic  bottom  waters  where  sapropels  typically
accumulate. Accumulation rates would be slow and duration
of black-shale deposition would be long in a deep, stratified
water column.

Incontrast,workerssuchaszangerlandRichardson
(1963).  Merrill  (1973),  Maples  (1986),  and  Coveney  and
Martin  (1983)  have  provided  palcontoloctc  and  inonganic
and organic geochemical evidence that supports a shallow-
water origin and rapid sediment accumulation over a rela-
tively short term compared to the previous model for certain
Middle Pennsylvanian black shales in the Illinois and Appa-
1achian basins.

The  apparent  controversies  in  interpreted  depth,
rate of sediment accumulation, and duration of black-shale
deposition are addressed in [he companion conference vol-
ume (Coveney et al.,1989).  A knowledge of the water depth
represented by core shales is critical to our understanding of
the  changes  in  relative  sea  level  that  cx=curred  during  cy-



clothemdeposition.Theproperinterpretationofrehativesea-
level change and dissolution of core-shale accumuhtion is
important with regard to process-response modeling.

Upper (regressive) limestone

TheupperorregressivelinestoneofHeekel(1977)
is  commonly  the  thickest  bed  within  cyclothems  on  the
carbonate platform (fig. 21).  This unit ranges from less than
loft(3m)tomorethan100ft(30m)inthickness.Theupper
limes(one contains  the major petroleum  reservoirs  of the
LensingandKansascitygroups.Reservoirsoccurinskeletal
grainstone and oolitic  facies, phyuoid algal buildups, and
struc(Liral  and  diagenetic  traps  created  by  hacturing  and
dissolution.

Lithofacies  and  early  diagenetic  fcaaires  of  the
upper limestones indicate a general shallowing-upward suc-
cession.  Although the general Kansas cyclothem model of
Heckel  (1.977)  indicates  a  continuous  gradual  shallowing

upward, observed facies  successions and  their correhtion
suggestfluctLiationsinwaterdepthwithinanoverallshcaling
trend  Qleckel,   1986).    The  relative  inportance  of  local
(autogenic) controls, e,g., progradation and aggradadon and
subsequent  local  shallowing  versus  regional  (allogenic)
controls, such as eustatic sea level change, on the deposition
of these generally complex shallowing-upward successions
is another topic of intense interest and discussion.  We will
explore some of these  variations on  the  trip.    In  general.
individual  upper limestones can be recognized and  traced
acrosswidesprcadareasofthecarbonateshelf,includingin[o
western Kansas, some 400 mi (640 kin) west of the surface
exposLires.

Whilemostupperlimestonescanbecorrelatedfrom
eastemtowestemKansaswheretheyarealsoboundedbythe
core  shales.  the  upper  limestones  thin  substanhally  and
change facies markedly into the northern extension of the
Arkoma basin. Evidence will be presented during the course
ofthetripthatsupportsmostofthethinningandfacieschange
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rcsulling  from  a  dcclining  surface  clcvalion  on  which  lhc
carbonate accumulated along a platform margin, slope, and
basinal  setting.   Siliciclastic  sedimentation  from  the south
becarneincreasinglyimportantastheArkomabasinprogres-
sively fined.   The .Tayton" sandstones are an example of
such a sniciclastic unit.

Some upper limestones exhibit more obvious evi-
dence for episodic deposition than others, e.g.. the Winterset
Limestone, which is punctuated by thin. widespread shale
beds.  versus  the  more  massively  bedded  Bethany  falls
Limestone. Some of the internal beds and bounding surfaces
within the upper limestones are interpreted to result from
short-term events (e.g.. storm deposits) or represent local
aggradation and progradadon processes with linited hteral
extent.   Other stratal units within the upper limestone are
conefative  over large  distances and suggest an  allogenic
catise, e.g.. shale-bounded packages within the Winterset
Limestone extending over 50 mi (80 kin) along the outcrap.

Outside shale

Theoutsideshale.theuppermostunitoftheKansas-
type  cyclothem.  exhibits  considerable  variabihiy  among
different cyclothems (fig. 21).   These stratal elements are
locally thin or missing in southwestm rinsas due to an
apparentlackofsiliciclasticinflun.Wheresiliciclasticswere
available, thielmesses of other outside shale units may be as
much as 300 ft (91 in) in eastern Kansas.  Thicker packages
of shale, sandstone, and siltstone represent deltaic clastic
influr in shallow-marine conditions.  These deltaic deposits
contain invertebrate-rich horizons. thin limestones. channel
sandstone,andpaleosols.Theplaffomdeltaicdepositsform
broadapronsofmainlyshaleex(endingfortensofmiles.The
sediments composing the outside shales in the Kansas City
area were apparently derived from the east and northeast  In
the Pleasanton interval examined on the field trip. elastic
influx  was  significant,  but  was  not  as  inponant  during
depositionofthelowerKansascitystrata,andtheninacased
againduringdepositionoftheupperKansascityandlrmsing
groups.Accordingly,outsideshalesofthelewerKansascity
Group are typically thin. blacky mudsoones with palcosol
fcatlires,alsocommoninthethinoutsideshalesofcenmland
southwestern Kansas. In southeastern Kansas outside shales
become  very  thick and  complex  in  character.  preserving
eventsthatdonctoccurtothenorth.Thisenigmaticrelation-
ship win be addressed during the course of the trip.

The pfatfom deltaic units thicken and thin locally
along their margins, producing mahed changes in deposi-
tionaltopographicreliefthataffectedsubsequentdeposition.
Some of this relief is probably due to Late-stage erosional
downcutting into the deltaic platforln (e.g., Stops 2 and 4).
Carbomate buildups  in  supejacent units occupy positions
along these local breaks in slope.

Delfaic  progradation  and  accLimulation  of  thick
outsideshalesaccurwhensufricientaccommodationspaceis
available.  Deltaic influx on the northern shelf accuned Late
in a cycle while the shelf was still submerged.  In some cases,

siliciclaslic  detritus  in  the  upper  Kansas  City  and  Lansing

groups rcachcd the east-central Kansas shelf prior ro exten-
sive  subaerial  exposure  and  paleosol  development  on  the
upper limestones.   Relative sea level fell  in  hte stages of
delulcsedimentationleadingtolocalerosionandchannering

::£reLy:::#Cin=:::..`acc=n;c¥:td#C:tetinc8hin:ri::
events,butmorewidespLiead.isthedevelopmentofpalcosols
that are only now being recognized as significant bounding
surfacessepararingtemporallydistinctstratigraphicsequences
(e.g.. Stop 5). Evidence for subachal expsure is much more
apparentinoutsideshaleswithoutsiliciclasticinflux.e.g.,the
blaclcymudstones,oronthesurfacesoftheupperlinestone.

Widespreadsubaerialexposureisclearlyevidentin
most outside shales and on the tops of many of the upper
linestones(WaneyandEbanks,1978;SchutterandHeckel.
1985: Goebel et al.. 1989).  h many cases the outside shale
(at least the lower portion) is a paleasol capping the carbon-
ate.  The paleosols seen at Stops 7 and 8 on tap of Bethany
falls nmestone and superiacent outside shales are splendid
examples  of remnants  of ancient soils.    Moreover,  these
palcosols can be traced across the northern carbonate shelf
ftom  Iowa to  southeastern Kansas;  they also  are present
westwardincoresthrori§hthesubsLrfeceofwestemKanins
and  southwestern Nebfaska.    Spatial  trends  of subaerial
exposure have also been recognized on the shelf (Wamey.
1980).  Areas interpreted to be higher shelf locations gener-
any exhibit evidence of more intense subaerial weathering
andcommonlycariymetechcdiagenedi(WaneyandEbanks,
1978; Watney, 1980; Hcckel. 1983).

CLilrent investigations in southern Kansas indicate
that subaerial surfaces can be traced to conformable surfaces
on  the  lower  shelf  and  basin  that  show  no  evidence  of
exposure.Whenpalcosolsarepresenttheyprovideacritical,
temporal break in the sedimentary record.  However. prob-
lens remain in the distinction and correlation of these sun-
faces rectonally, particG`arly in thick outside shale scedons
where paleosols are not easily recognized.

Causal mechanisms for cyclothem
development

ContrastingandwidesprcadfacieschangesincycH-
cal sequences indicate a significant contribution from allo-
genic controls Qleckel. 1977; Watney. 1984, 1985a; Board-
man and Malinky, 1985; Heckel. 1986).

Gfacial{ustaticcontrolhasbeeninvokedmastoften
bythosewhosubscribetoallogeniccausesforstracalcyclic-
ity  (Wanless  and  Shepherd.  1936;  Wanless  and Cannon,
1966;  Crowell  and Flakes,  1975;  Heckel.  1977;  Crowell,
1978; Lenton and Hughes, 1983; Heckel. 1986; Crowley ct
al., 1987; Veevers and Powell, 1987). The analogue used in
(hose  arguments  is  the.sea-level  change  associated  with
advanceandretrcatofpleistoceneconthentalglaciers.These
Pleistocene  glacial  advances  and  retreats  prnduced high-
frequencysca-levelchangeswithmagnitudesontheorderof



330-500 ft (loo-150 in), pcriodjcjty around  loo,000 years,
and rates of sea-level change around  10 in (33 f[)/thousand

ycars (Ka; Donovan and Jones. 1979).
Autogenic caiises, due to internal feedback mecha-

nisms that operated within the dxpositional system. are also
argued to have produced these same cyclothemic strata. e.g..
Duff and Walton (1962), fronaldson (1974), Fern (1975),
Brown(1972).andGallowayandBrown(1973).Allofthese
studies dealt with strata dominated by deltaic sedimentation
and  heavily  influenced by  local  (autogenic)  sedinentary
processes, thereby limiting the potential for conelation be-
tweenindividtlaldeltasysterns.However.evcnintheseareas
ofsignificantautogeniccontrol.recentsti)dies,e.g.byBrez-
iuski,  (1984),  Busch  and  Breziuski  (1984)  in  the  Upper
Pennsylvanian strata of the Appalachians; West and Busch
(1985).andBuschandWest(1987)intheltowcrPemianof

`\<

Kansas,  find  disLinc(  verical  variations  in  bioLjc  divcrsiLy
within relatively homogencous lithologies which may indi-
cate temporally distinct sedimentary rcx=ks that can be corre-
la(ed over widespread areas,  Boardman and Malinky ( 1985)
recognizeregional.interdeltaicgeneticunitsdefinedbythin,
darkermarineshalesontheeastemshelfoftheMidlandbasin
thatareanalogoustothecoreshalesofthenorthemmidconti-
nent.   Boardman and Heckel  (1989)  have Trow conehted
these Midland basin shales and their associated sedimentary
packageswiththeirequivalentsinthenorthemmidcontinen|
strengtheningtheargumentforaeustaticconfroltha(affected
areas  on  an  inter)asinal  scale.    Bro`rm  (1989)  has  also
invokedaeustaLiccomponentforthegenerationofPermsyl-
vanian and I|)wer Permian strata along the eastcm shelf of
de NIdhod basin.
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Application of sequence-stratigraphic concepts

Overview

Modern sequence-smtigraphic concepts have been
vigorously used as an excellent method to subdivide, map,
and 6onehte sedimentary rocks.  Mapping includes depic-
tionofstratalgcomediesandpaleogcography.Theapproach
of sequence stratigraphy has a long heritage, but i( has been
significantly refined with the advent of seismic stratigraphy
and improved depositional-facies intelpretation.  Basic defi-
nitions of some of the sequence-stratigraphy terms utilized
throughout the text and during the course of the field inp are
included in appendix A.

Sequence-stratigraphicanalysiscanprovidecrucial
information about the genesis of stratigraphic units through
amlysis of slacking geometry  (fig.  28,  Haq et al.,  1987).
Some aspects that can be addressed, as pointed out by Vail
(1987), include:

•Relatively deep water leads to preservation of deposi-
tional tapography. Sedimentary onlap onto an irregu-
lar depositional surface can be used to characterize
subnine topography.

iiiEi

3    SHALLOW                  DE'EP

A)   lH  DEP"

81    IH  GEOLOGIC  TIME

sunFACEs                                                                              sysTEMS  TRACTs

(SB)  SEQUENCE  BOuNOAf`IES                                                        HST  -HIGHSTAND  SYSTEMS.I.RACT
(SB  1) -TYPE  1                                                                              TST  -TPANSGF`ESSIVE  SYSTEMS  TRACT

(S8 2) -TYPE 2                                                                       LSw  -LOWSTAND WEDGE SvSTEMS TaACT
(Orsl  DOWNLAP SuF`FACES                                                               ivl  -iocis.a v..ev lil

(rTifs)  -in.xinum ttoodhg.urt.oe                                            pqc -p.tvyedinq ert`ptoI
(ds)  -too I.n.u1.oe                                                                    loc -lcv®.a ch.rir`.I co/r`ok)I
(tbl -top Lend ch.in.I whcee                                      lsF -lowsTAND  FAN SYSTEMS TRACT

ITSI TRANSGF`ESsr\/E SuF`FACE                                                         fc  -I.n ch.nn.ts
lFin floodh..ulace.bore mtth`im                                « -I.n bb-
roe.e3whl                                                                                      SMW  -SHELF  MARGIN  WEDGE  SYSTEMS  TFLACT

FIGURE  28-DEPosrnoN^L  sEQUENce  DEposmD ^LONo  sHEu MARGIN  Due ro  os-nor  IN  sE^  u2vEL AND  coNST^NT sirBSDENCE

(Haq et al.. 1987).  Stratal units and s`irfaccs arc dermed further in &ppcndix A.
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•StraLal  patlems  can  be  used  Lo  quanlify  minimum

palcowater depths by analyzing hcigh[ of prograding
clinofoms.

•Extent  of inundations  (onlap)  onto  a  shelf and  the
lower basinward extent of subaerial exposime can be
used to quantify the relative sea-level change or rise
associated with inundation.   Some inundations have
beenconelatedonaglobalbasisfromwhichaeustatic
sea-level curve can be infded.

•Apparent tnmcafion and do`rmlap indicate sediment
starvation. Tnincation occLus along top-set beds be-
neath a type  1  sequence boundary and downhp is
associated with basinward tcrmimtious of sedimen-
tary wedges.

The application of sequence stratigraphy to cratonic Paleor
zoic strata presents considerable challenges due to 1) hndted
accommodation potential on platform areas: 2) slow, epi-
sodic sediment-accumulation rates and limitations in sedi-
mentpreservation;and3)difricultyinestablishingindepend-
ent methods of conehting parasequences.

Shelfward®latfomandshallow-ramp)portionsof
cratonic Paleozoic depositional sequences commonly con-
sist of parallel to sutparallel beds with linited potential for
the expression of local rerief.   Depositional sequences in a
shelf setting thus are chamcterized by numerous local and
regional tnmcatous and facies changes involving thin, but
commonly mappable. beds.

Expected smtal geomedies on the shelf include:
subtle onlap and offlap, local wedges of fluvial deposits and
buildxp of cafoonate deposits, and subtle changes in sedi-
ment-surfaceelevationduetoconcurrentstruca]raldeforma-
tion.

The  shelf ®hatfom  or ramp)  preserves  a  better
recordofsca-levelhigh-standeventsthandoesthesediment-
starved setting in the basin.  In contras| the basin and shelf
marginpreserveabetterrecordofsea-levellow-standevents
whilecontemporaneoussubaerialexposureornondcposition
dominates the shelf.

Sequence-stratigraphicanalysiscanbeaccomptished
without seismic profiles. if adequate rock and wireLine-log
data are available.  The general approach to sequence-smti-
graphic analysis as it is being apphied to the midcontinent
Pennsylvanian is described as fouows:

1 ) Vertical-sequence analysis:
a) neschbe strata in terms of depositional environment

and rehtive water depth (relative sea-level change)
and evidence for shallowing or deepening trends;
identifypotentialmarkerbeds(thindistinctiveunits
to aid in colTehation)

b) describe surfaces:   bedding planes (frequency and
nature; distinguish diagenetic from depositional);
association  of  surfaces  with  facies  dislocation:
ranking of facies dislocation according to water-
dapthchange;establishevidenceofsutraerialexPCL
sure or prolonged nondaposition, e.g., hardground
developed in subaqueous marine environment

c) Draw proriles of sections providing intcrprctalion of
genetic units and water depth; genetic units consist-
ing of

•foooding  or  [ransgressive  units (us\iz\1ly  associzned

with  base of depositional  sequence;  usually  thin
linestone or coal on shelf areas in Pennsylvanian
depesitional sequences) of

•condcuredJccffo"(maybeassociatedwithaccumu-
lation  of  organic  matter,  e.g..  black  shale  or
hndgrounds);

•shallowir\g-upward  unit  (shalto`wing  cathate or
siliciclasticsuccessionorcombination;thickestand
mostcomplexcomponentofasequence;frequently
associated with multiple parasequences

•paleosol dcvelopTnenl (miry  rapreseut seq;ulence or

possibly parasequence boundary if it foms a sur-
face).

2) Conelation between localities
a) Establish conehtious of maricer beds and surfaces,

utilizingrithostrafigraphic.paleontologic.geochysi-
cal, or geochemical data trferably through con-
tinuous or detailed systematic sampling).

b)Identifythedepositionalsequence(s).Conefatemajor
geneticunitsandboundingsurfacesassociatedwith
adepositionalsequenceusingallinfomalionavail-
able.

c) If possible, extend control to the 3rdrdimension and
over more extensive areas of shelf. shelf margin,
and into basin to address stratal gcometries in more
comprehensive manner and evaluate allogenic and
autogeniccausalmeehanisms(eustaric.subsidence).

The  temporal  distinction  of  sedimentary  sequences  also
provides the data base to

a) define detailed paleogcoglaphy;
b)  address  rates.  duration,  and  magnia]de  of events

responsible for sedinentation;
c)  possibly  improve  the  chility  to  predict facies  for

econonic develapment.

Recognition of sequence-strati-
graphic components in Upper

Pennsylvanian cyclothems

Flooding unit

The flooding unit is either absent or thin (zero to
several10'soffeetthick)withashalpbasalcontact(fig.29).
It is readily identified through vertical-sequence analysis in
outcrop or core.  The flooding unit commonly succeeded by
deeper marine strata.  Lithologies include calcaeous sand-
storres and siltstones with nearshore affinities (northwestern
Kansas)  and  thin  cafoonate  units  that  reflect  deepening
conditions. e.g., a generally shoal-water strata occur at the
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paleosoI
(Datum)

cafoonate shell                            mixed-carbonate/siliciclastic she lf                         fluvial-deltaic

FIGURE  29-VErmc^L  pROFni2s  or sEL]2cml)  Tvms  oF DEf]osmon^L SEQ(JENces  oBSERveD  IN  PENSTLv^NI^N  s.m^T^  or nD  rm.-
coNrmENr.   Sinple shallowhg-xpward seetiolrs choi`rn.

base and are overlain commonly by normal marine strata at
the top that were likely deposited below normal and strm
wavebase.Clamborings,pyritizationOfstEeleealdebris,and
preservationofsmalltomoderatealnountsofonganicdchris
are common components of the carbormte-flooding units.
The lower contact usually sapantes disthctly different de-
positionalfaciesresultingin/acfesdisfocation.e.g..apalecL
sol beneath a marine limestone.   Carbonate buildxps. al-
though uncommon in this uni| are apectaculally devctoped
locally.Cahonatemoimdsthatdevelapedduringdeepening
events, and locally kept pace with rising base level thicken
abmptly to over 50 ft (15 in: e.g.. the Captain Creek Line-
stone, Heckel,1975). in contrast, the flooding unit may only
consistofafewinchesofbioclastic-chellpackstoneorother
shallow-water marinecarbonaee roclL   Heekel (1984) has
ascribed variations in thiclmess of the transgressive lime-
stone  Ois  tcm  for the flooding  unit)  to varying rates of
inundation of the shelf and to differences in the slope of the
surface that is being inundated.

Widespread coals capped by invertebrae skeletal
lag or limestone locally ac characteristic of some flooding
units(fig.29).Marinesandstonesandstltstonesthatcornpose
thefloodingunitalsoincludereworkingofunderlyingdepos-
its or renewed derital deposition.  Whether erosion or depcL
sition  occurs  dLiring  deepening  was  likely  dependent  on

steepness  of depositional  slapes  (energy  level),  clinate,
marinerirculation pattenis, and rate of deepening.

Results from studies of Holocene coastal sedimen-
tation provide inportant analogues to  the Pennsylvanian
flooding units. The Holocene work suggests that at a certain
threshold rate of deepening. effeedve carbonate sedimenta-
tion can deacase significantly QTeulnann and Macintyre,
1985). Sedimentation does not keep up with rapidly increas-
ingwaterdapth.prohablydue.inpart.tolossofopportunities
for sediment progradation and aggradation, e.g.. inundation
ofdeltaandesaiaryformationorratesofdeepeningexceed-
ing effective carborLate-accumulation rate (IIeckel. 1984).

Hallock and Schhger (1986), in  their studies of
Holacene carbomte settings, conclude that reefs and most
calbonate-sediment-producing organisms flourish in nuul-
entrdeficient systems.   However, these organisms undergo
significant reduction in sediment produedon during increas-
ing nutrient supply. which often occurs dLring submergence
of a carbonate shelf.  Hooding is thought to produce a biodc
crisis due to nuthent excess.   Whne inacased nitrate and
phosphatewouldsinulategrowthofsomeolganisms.other
more deleterious effects apparently lead to net decreased
sedimentproduction,e.g..reducedwatertransparencylimit-
ingthedepthrangeforsomecoralsandcalcareousalgae,and
consequently reduced sediment production.
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Hallock and Schlagcr ( 1986) have idcnii fled criteria
for recognizing changes in nutrient excess conditions in the
sedimen tary record:  nondeposition (hiatal) surfaces, bioero-
sion  such  as  clam  borings.  and  reduced  redox  potential
encouraging preservation of organic matter.  The carbonate
surface is commonly covered by fine"ined siriciclastics if
conditiousofnurientexcesspersist.Thenetresultisreduced
sedimentation during flooding, contibuting what is refened
to as hg time.   This  is precisely what is observed in  the
Perms ylvanian strata.

The sensitivity of a cafoonate phtfom to flooding
is a function of local conditions.  For example. the euphoric
zone, below which reefs composed of zoorathellate corals
will not survive. ranges from 170 in (561 ft) in the Gulf of
Aqaba to 18 in (59 ft) around Barbados (Hallcek and Sch-
lager, 1986; fig. 30).  The shallower the cilphotic zone, the
moresusceptibletheareaistodiminishedCaco,accumula-
tion during flooding events.  Thus, in spite of the fact that
short-term reof growth has been estimated at rates in excess
of 10 in (33 ft)Ala, environmental conditions must remain
nearly  constant while  accommodation  apace  must be  in-
creased in order for these races to be maimained.

Neumann and Macint)ne (1985) and Adey et al.
(1977)furtherdescribethewidespeadrapiddrowningasso-
ciated with the early Holocene eustatic rise due to glacial
melting.   Neunann and Macinone (1985) suggest that the
reefs were "shot in the back" by their lagoons.  Some reefs
essentially"giveup"duringtherapidrise(ngm[26ft]/ha)in
sea level.  Stratigraphic evidence ncted by these workers for
drowning includes bored hardgrounds, femmanganeseox-
ide accumuhtious. phoaphates,  and ghuconite separating
neritic from overlying deeper water dq)osits.

The  Pennsylvanian  midcontinent  seaway  was  a
tropicalinlandseawithlimitedconneetiontotheopenacean
(Heckel, 1977).  Conditions probably favored high nutrient
supply  during  marine  flooding  due  to  freshwater  runoff
conributing terrestrial organic maser and inorganic com-
pounds to the marine realm. The tendency for water stratifi-
cation due to an equitable climate promoting a stable water
columnsupportsconditiousofloweredoxygcnandpeserva-
tionoforganicmatter.Forthesercasons.theeffeetivedepth
of the eupho(ic zone may have been shallow in the interior
Pennsylvanianseawayandpchapsquitevariable,especially
in the areas of dedital influx.  Flooding units may be linked
to  the overlying condensed  seedons  through  the  nuthent
excess potentially acated by the flooding process.

Condensed section

Core shales in the midcontinent are similar to other
condensedsectious,oftenshales,thathavebeenreferredtoas
the "star`red- basin facies"  (Scholle ct al..  1983;  fig.  29).
organic-rich units are deposited under dysoxic  to anoxic
conditions.  Black or gray shales can also result from rapid
episodicchangesinoxygenlevelduetoorganicproductivity
or water circulation. Dysoxic conditions resul( in accumula-
tion of gray, dark-gray. or olive-green shales or siltstones.

Anoxic condilions may  rcsull in  the accumulation of black
shales.    Whereas  the  black  shales  are  hminated,  the  gray
shales are variably bulTowed, e.g., the upper Hushpuckney
Shale seen in S top 7. These gray shales, albeit thin (< 1 ft [0.3
m]),  typically precede and succeed the t)Lack shale,  if the
latter is even developed, or are found laterally equivalent to
a black shale.

Unlaminated gray or green fossniferous siltstones
and claystones are commonly deposited in landward posi-
tious or on bathymerically  higher elevations in positions
equivalent to extensive black shales (e.g.. the Hushpuclmey
and the Stark shales, figs. 25 and 26. Wamey,  1984).  The
condensed sections are relatively thin, usually under 2 to 3 ft
(0.6ro.9 in) in thickness.  However. exceptions occur as the
condensedsectiongradeslaterallytolocalitieswheresuspen-
sion sedimentation was significan| such as in the OLrachita
siliciclastic dapositional sequences. Contacts with adjoining
strata are usually abnp| but gradations do occur with shale
and cafoonate fitholoSes.  Most of the black shales on the
uppercafoonaterdominatedshelfareregionallywideapread.

Biota in the Upper Pennsylvanian bhck shales in
the western midcontinent is limited to nektonic and nekto-
benthic  organisms,  abLindant pelagic  organisms. and rare
benthic forms.  large amounts of conodonts and fish debris
are commoli but these shales generally lack benthic marine
invertebrates.Themicrostratigraphyiscomplexasindicated
by intehayered bioairbated zones, thin carbonate hayers. and
markedvariationsinminorelementalcomposition.Uranium
concentrations in bhck shales ranges from cO ppm to more
than250ppm,accountingformostofthehighnaairalgamma
radiation emitted by bhck shales.

Nonskeletal phosphate (apatite) is common as as-
sorted nodules and laminae in black shales.  Abundam and
diverse radiolarians, nautiloids, and fish debris have been
found  in  the  nodules  in  black  shales  in  eastern  Kansas
(Kidder.  1985).    The  source  of  the  phosphate  could  be
planktonicorganisms,fecalmatedal.orperhapssolutionand
suspension from river water.

Greatly reduced sedimentation rates for the con-
densed  section  are  suggested  by  1)  commonly  abundant
phosphate.2)highconcentratiousofnormallysparsepehgic
fossils, 3) horizontal orientation of clay minerals composing
theshale(suggestingdilutesuspeusionsedimentation;James,
1970).and4)elevatedconcentratiousofminorelementssueh
as -ium.

The widespread natLire of most of the black shales
on the shelf and in the basin suggest that the shales represent
unifomconditionsdevelapedsynchronouslysuchasindeep
water,  or in a  time-  transgressive  manner during rapidly
deepening conditions.  While lithofacies such as sandstone
and carbonates thin in a basinward direction, black shales
persist across  the  shelf and  into  the basin.    Black  shales
observed in the lower Missourian converge in the basin in
areas  of  sediment  starvation  to  form  stacked  condensed
sections  separated by  very  thin  intervening  dark.  skeletal
wackestones and gray shales and siltstones.   A number of
process modcis have been proposed to explain black-shale
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deposihon, namely upwemng and qLiasiesnlarine circuh-
tion  (Heckel,  1977).  upwelling  through Ekman  transport
Q'arrish,1982),halacline@emaisonandMoore'sBlacksea
modelwithfreshwaterinflux.1980,orbasinalbrinexpwelling,
mte,1978),andthermcolinea`ossignorsdick.1982;Heekel,
1985).

The dysoric facies contain nmited, but disthctive
faLma that have been interpeted as an assemblage related to
depth (fig. 27. Boardman et al.. 1984).  Biotic assemblages
refleetingsimilardysoxicconditionsarecommonlyfoundin
other Paleozoic shales.  Perhaps these biotic zones may be
indirectly affected by unfavorable water chemistry, or high
organic-matter productivity. in addition to sinple oxygen
depletionduetowaterdepthandisohtionofthebottomwater
column, i.e. not necessarily depth contoued.

Aspreviouslystated,stratigraphic,sedimentologic,
paleontologic, and geochemical evidence from a variety of
settings supports bofA shallow- and deep-water orictns of
black shales.  Accumulation of black shales is dependent on
developing a prevailing bottom anoxia that is tied to the rate
oftheproductionoforganiclnatterandpreservationpotential
oforganicmatterversusamountofoxygeTLationofthewater
columnorsediment.Thehighertheinfluxoforganicmat[er,
the more oxygen that win be consumed.  Bottom stagnation
may  not  be  a  prerequisite  if abundant  organic  matter  is
available due to high organic productivity.  Whereas favor-
able conditions for black-shale acoumuhtion cocuned fre-
quently during the Pennsylvanian across the greater United

States  midcontinent,  equivalent cyclothemic  units  on  the
Russianplatform,althoughcontainingopen-marinecarbon-
ates,donotcontainblackshales.Ifwaterdapthsbetweenthe
twoshelvesweresimilar,thenwaterdepthmayno[havebeen
the only critical factor in generation of black shales.

Freshwater runoff flowing over the surface of ma-
rinewatersthatwerefloodingtheshelfcouldprovidelinited,
temporary stratification of the water colLmn, particularly
under tropical conditions.  Input of large amounts of terres-
rial organic matter and high nutrient supply could also be
provided  by ninoff to  generate  al]undant  marineorganic
matter.   Woody-plant material has been found in hoth the
Hushpuckney and Stark shales in eastern Kansas and Okla-
homa, attesting  to  the  input of tenestrial organic  matter.
Moreover. mixed terrestrial and marine macerals of organic
matter occur in these shales (Hatch and Leventhal,  1985),
Tropical  conditions  favoring  thermal  stratification  would
assist in developing a pycnceline.   The epeiric sea in  the
midcontinent was only open to the ocean through a connec-
tion in the Dalhart basin in west Texas, thus limiting open
exchange with normal cx:canic waters.  Basinal brines may
alsohaveformedintheAnadarkobasin,possiblyfedepisedi-
cally by the influx of brines during lowstand shelf bypassing
or during early flooding of the shelves that contained eva-
porites on the western craton, e.g., Minnelusa Formation of
Wyoming and adjacent areas.   A combination of different
factors between locations likely may have facilitated preser-
vation of organic matter during rising sea level. RIsing water



42

levels could have led to conditions favoring nuthent excess
such as organic productivity and water stratification.   Fur-
thermore, the thickness of the bottom anoxic layer may have
been  variable, thus accounting for the loss of some black
shales over topographic highs.

Shallowing-upward stratal unit

This unit composes the thicker portion of the Penn-
sylvanian sedimentary sequences (fig. 29).  Litholoctes are
highly variable ranging from fluvialrdeltaic sandstone, Ina-
rine  sandstones  and  shales.  to  shallow-water  carborrates.
Thickness  of these  shallowing-upward,  siliciclastic-domi-
nated units range from a few feet to more thanloo ft (30 in),
while cafoonate successions vary from a few feet to 10's of
feet thick.

Depositional facies reflect a range of depositional
environments that vary from subaerial, intertidal, to below
storm-wave base.   Basinal carbonates are argillaceous and
commonly organic-rich; marine macro fossils and trace fos-
sils are common to abundant

Common  shallowing-upward facies seen on this field
trip include

a) open-marl.ne cczrbonarc with normal marine biota
1) clear-water carbonate

i) low to moderate energy-ommonly phyl-
loidalgalwackestoneorpackstone(`mound
rock")  or  crinoid-bryozoan-brachiopod
wackestone; sedimentation rates are judged
lo  be  moderate  ro  high,  the  latter  during
mound developmen(

ii) high energyulicolastic and colitic grain-
stones;  sedimentation  rates  interpreted  as
high as long as favorable conditions existed
and accommodation space for accumulation
was avaihble.

2) Turbid-water and deeper water card)onate depos-
its

i) angillaccous biaclastic mudstone and wack-
estoneswithdiapersedsntandclay,macerals
oforganicmatter,andwispyshaleseamsand
microstylolites;  sedimentation  rates  are
judged to be low because of marginal condi-
tions  for  carbonate  accumulation;  facies
typically have undengone significan| appar-
entlylong-termcompaction;porosityistypi-
cally low;

3) resricted, shallow-marine and clear-water car-
bonate sediment

i)  laminated,  fenestral,  mudcracked,  stroma-
tolitic   lime  mudstone  and  dolomicri(e;
sparsely fossiliferous, mce fossns common;
sedimentationratesareinterpretedasmoder-
au3 to high as long as accommodation space
was available.

tj) siliciclastie-domirrated re gressive
I) below wave base (o subaerial deposits; fluvial-

deltaic,  marine  sandsLones,  siltsLones,  and
shales;  locally  and  episodically  high  sedi-
mentation  rate,  but quickly  diminished by
rise in base level.

i) southern shelf (south of TulsaLfluvial and
deltaic  sandstones and shales  with  limited
marine  section;  sedimentation  ra(es  are
moderatetoveryhigh;significanttopographic
relief and elastic wedge development;

ii)basinITulsatocoffeyville.Kansas)ulelta-
from,  tractive  sandstones  and  suspension-
load sedimentation:  predominately  marine
inter/al; accumulation rates likely very high
alongtheprogradingedgeofanactivedelta;
sediment-starved along middle shelf, indi-
calng deeper water conditions with limited
trachon and suspension sediment load and
too deep fcx- calbonate accumuhtion;

iii)NorthemcarborLaterdominatedshelf-shale
of variable thickness on top of shallowing-
upwardlimestone;thinlenticularsandstones
in shale; local shale-dominated deltaic plat-
formsuptoseveralhundredfeet(60m)thick
developed in some intervals covering areas
ranging up to several thousand square miles
(5,OcO  km2);  thin  palcosols  O>lacky  clay-
stones) and isolated, rare channels as evi-
dence of subaerial exposure and  sediment
bypassing on the shelf into the basin.

Paleosols and other evidence for
subaerial exposure

Diagnosticcriteriaforsubaerialexposureandpaleo-
sol development are examined on the trip because of their
importance in defining sequence boundaries (fig. 27).  Sig-
nificant subaerial exposure, weathering. and paleosol devel-
opmentocculredoverextensiveareasoftheshelffollowing
depositionoftheshallowing-upwardstratalunitoratthetops
ofparasequenceswithinasequence.Palcosolsformavemeer
on top of depositional sequences on the shelf areas of most
Missourian strata in western Kansas (Watney and Ebanks,
1978;  Watney,  1984)  and  extend  across  much  of eastern
Kansas (Schutter and Heekel.  1985;  Goebel et al.,  1989).
Early meteoric diagenesis consisting of both dissolution and
cementation events is pervasive on the shelf, e.g., extensive
dissolution of oolites produced broad expanses of comoldic

porosity in western Kansas (Watney. 1984).   An improved
understanding of the patterns and causes of cementation and
dissolution events during diagenesis,  such  as  the work of
Goldstein et al.  (1989), will provide an importan( face( in
developing  a  predichve  model  for  porosity  development
during subaerial exposure.

In general. correlating subaerial€xpesure siirfaces
isdifficult.Thelackofclear.definitiveevidenceofsubaerial
exposure  may  be  due  to  spatial  variations  of  processes



involved  in  even  a  single  wcadering  event,  resulting  in
subtle,  nondiagnostic  products.  or  paleosols  of  complex
origin containing mixed preservation feanires.  Proximity of
paleosolstothefloodingunitoftheovchyingseque":elcads
to a high potential for their erosional truncation.  However,
evidence is sufficient to conclude that palcosols chancteris-
tically  form  extensive bounding  Oiatal) surfaces  to  most
sequences on the shelf. Resent coring shows that these hiatal
surfaces merge with conforTnable surfaces in the basin or on
lower parts  of the shelves that were apparently still sub-
merged during lowered sea levels.  Heckel (198® has iden-
tifiedsucharehationshipassociatedwiththesequencebound-
ary between the Wyandotte and lola nmestones in a mid-
shelf and lower-shelf sethng.

Subaerialexposuresurfacesclearlysepanteyounger
sequences from older sequences. thus providing exceuent
temporal definition of the sequences.   Examples of weu-
developed paleosol horizons and subaerially exposed sur-
faces seen on the tip include:  top of the Sniabar Limestone
andlowerElmBranchshale(Stops7.11),topoftheBethany
FallsLimestoneandlowerGalesburgShale(Stops7,8),and
the  blacky  mudstone below  the Cedar Bluff Coal  in  the
Galesbung Shale and the top of the Bonner Springs Shale
(Stop  13).    Subaerial€xposure  horizons  are  also  present
within the depositional sequence at the tops of shallower
parasequenees, e.g.. subaerial exposure within the Winterset
Limestone (Heckel and Watney. 1985).

netrital-rich  palcosols  are  composed  of blcoky
mudstones.  Weathering feaalres are common in the upper
portions of the underlying parent material on which these
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blocky mudsLones are developed, e.g., dissolution channels
and cavities in limestone.  Missourian-age paleosols are car-
bonate-rich, indicating calbonate accumulation due to a net
moisture deficiency in the local soil environmen| whereas
other palcosols indicate more moist conditions.  Interpreting
soils is complex in featiires to be recognized in the field and
laboratory, in classification and nomencLaame, and in assess-
ing the rehtive conribution of potential agents responsible
forthefomarionofthesoil.Clinate.Iocalrelief,vegetation,
parent material, time. and multiple events all can affect the
type of soil developed.

Mostofthepaleosolsobservedonthethpappearto
have been affected by multiple stages of formation.  Preser-
vation probably favors only the more resistant components.
Also.  subaerial  exposure  feaaires  are  preferentially  pre-
servedintapographicallylowareasandmaynotberepresen-
tative of the palcosol as a whole.
Diagnostic feaaires commonly presen( in palcosols include

1) rhizotiths (ndets);
2) ped surfaces in the blacky mudstones (fig. 31, p.  12,

from Retallack. 1988);
3)  color  mottling  or  isolated  horizons  of  color  and

textural variation in the mudstone due to differential
oxidationandhydrolizationofiron,andredistribution
and fomation of clay minerals (il]uviation);

4)micritic  carbonate  nodules  or  casement  around
rhizouths. or carbonate cnists (calcrete).

Paleosols rich in calcium cartx]nate are referred to as call.chc,
definedasastrataformtoirregulardeposit,formedprimarily
of calcium cafoonate. with concretional. pisontic. banded or
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massive stl'ucture that is fomied in tJie soil or subsoil of arid
and  semiarid  regions  (Gonzalez-Bonorino  and  Terruggi.
1952).   Missourian sequences in  TtorthwesLem  Kansas are
commonly capped by chalky caliches found in red paleosols
or as laminated calcrete a( the top or near the top and fflling
in the carbonates (Wamey.1980,1984). Their abundance in
western  Kansas  is  indicative  of drier conditions  than  in
southeastern Kansas which fits  with paleoclinatic recon-
structions (Heckel. 1980).  While varying from area to area.
these paleosols appear to be shelfwide developments.

In contrast to caliche, the following are some of the
identifying  criteria  for paleosols  developed  under  moisi
subaerialconditions,providedsufficienttimehaselapsedfor
soils to develop;

1) terra rossa (red residuum dissolved frc>m carbon-
ate dissolution);

2)paleckarstandsolutionpiping,commonlyplugged
with clay of palcosol or wall-rock debris:

3)  wellrdeveloped  chyey  soil  profile  exhibiting
illuviation.
Some paleosols exhibit rehtionships of both wet and dry
attributes.  Dubois (1985) describes lcarsting as prevalent in
topographicallyloweracasa[thetopoftheDennissequence
in southwestern Nebraska.  Solution piping extends through
the carbonate (>20 ft, 6 in).  Proxinity to the water table and
greater residence time of water in the low areas are likely
reasons for karsting.  Topographically higher locations con-
tain caliche paleosols indicative of locally drier conditions
(Dubois.  1985).   The  upper surface of the Bethany  Falls
Limestone at Stop 8 is dominated by small-scale karsting.
Nevertheless,weu-preserved.IamirLatedcalcretecocurswithin
20 mi (32 kin; Heekel.  1985).

•     Depositional-sequence

development in the
midcontinent

Sequence development in the western
midcontinent craton

ProminentsubsidenceandstnicturalreHefalongthe
northern border of the Anadarko basin in the panhandle of
Texas  is  found  on  the  cross  section  in  fig.  20.     The
Lansing-Kansas City groups thin from a thickness of nearly
1,000 ft (305  in) of carbonate deposits along the northern
shelfmarginto60ft(18m)overadistanceof20mi(32krn).
Siliciclastic mud, density<ulTent deposi(ed sands, and, lo-
cally,  allodapic  carbonates  shed  from  adjoining  shallow
shelves,  accumulated  in  the  basinal  areas.    The  rate  of
thinning is approximately 50 fvmi (9.4 mAcm) into the basin
that was sediment starved during the Missourian.   Seismic
sLratigraphy and subsurface studies suggest that relief across
the shelf was in excess of 1,000 ft. (305 in; Kumar and SlatL
1984).  The sediment surface was apparently deep enough to

preclude carbonate accumulation.  As will be shown later in
the modeling paper (Watney e[ al.), modulation in sea level
favored  the  development  of sedimen(-starved  conditions.
Rapid  rise  in  sea  level  often  led  to  strong  reduction  in
carbonate production and siliciclasdc influrL

Another  stratigraphic  cross  section,  using  the
Heebner Shale as the datum, extends northward from south-
western  Kansas  onto  the  Central  Kansas  uplifl    The
lmsing-Kansas City groups thin northward onto the shelf
and over the uplift from 620 ft (189 in) do`rm to 285 ft (87 in;
fig.32).TheCentralKansasupliftrepresentsapositivebase-
mentelement.tectonicallyactiveintheEarlypennsylvanian.
Iate Pennsylvanian strata onhp and evemially covered the
uplift as sea level rose and the region conthued to subside
toward the Anadacko basin.  However, subsidence over the
Central Kansas uptift appcars to have been slower than the
sunounding shelf area. perhaps rehted to basement hetero-
geneity Ovatney, 1985b).

Regional assessment of depositional sequences in
western Kansas was established through the description of
some40coresandcorrelationof2joowirelinelogscovering
72,000mi2(186,000km2)of shelf(fig.24).TTLreesequences
aremcedinacrosssectionofcoresfromnorth(landward)to
south ®asinward) across the shelf in western Kansas (fig.
33).  Wells 2, 3, and 4 on the cross section are on the Central
Kansas uplift.  Even though tectonism asscoiated with the
upnft occurred 20 million years prior to deposition of these
units, differential relief is indicated in the rithologic profiiiles.
Subaerial  hiatal  surfaces  separate  individual  depositional
sequences; individual sequences show considerable thinning
over the uplift.  Other evidence of positive relief includes

1)  loss of black shales  over the crest of the Central
Kansas uplift where a condensed section is probably
stillrepresentedbyphosphaticandskeletal-lagdepos-
its found near the base of cored sections;

2) more abundant shallow-water carbomte facies in the
sequence over the upnft and upper shelf;

3) evidence for in[eusified subaerial exposure in upper-
shelf settings.

Northward. and presumably even higher on the shelf in a
landward direction, weu #5 (fig. 33) indicates solution-karst
development and red-siltstone deposits containing abundant
rhizoliths and caliche horizons. Also, mixed-clast carbonate-
pebble conglomerates attest to significan( wcathering and
local erosion of the carbonates on the upper shelf in south-
western Nebraska.  The marine facies of the I- Zone (Cher-
ryvale) regionally laps out across northern Kansas.  This is
no(  erosional  or  related  to  clastic  influx,  but  represents
maximum extent of marine inundation on the shelf.

Basinward,insouthwestemKansas,theclasticinflux
was minimal due to the deep Anadarko basin (o the south and
the long distance from the minor elastic influx to the north.
Duetoalowershelfelevation,greateraccommodationspace
was created and thus provided for thicker deposits recording
greater  preservation  of  sedimentary  events.    Due  to  the
ramplike setting during the Dennis and underlying Swope
sequences, thick and extensive oolite deposits accumuhted
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FIGURE  32-REoloN^L  sounTWEST-ro-NORTHE^sT  sTRAnGRApillc  cRoss  sECTloN  oF  IrowBR  io  UppER  PENSTLv^NI^N  sTRAT^  IN
WEsmRN K^Ns^s.  Datum is Heebncr Shale.  Section extends from near margin of Aliadndro basin on south onto Central Kansas
uplft on north.  hset map nlustratcs thickness of interval from base of Kansas City to base of Pennsylvanim.

FIGURE 33 (next page)|Ross sBcnoN oF FrvE wEus BasEI) oN CORE DEscRmoNS.  Includes three carbomterdomim(ed depositional
sequences: Dewey (H-zme), CheI.ryvalle a-zone), and Dermis (J-zone) extending from southwestern Kansas to southwesLern
Nebraska.  Weus 2, 3, and 4 are located on Central Kansas uptifu
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over southwestern Kansas (covering approximately  16.000
mi2 [41,OcO km2I; Wamey, 1 984).  Minor events of deepening
andshallowingduringdepositionofthecherryvalesequence
on the inferred ramp led to multiple, thinner gTainstones.  In
contrast,  the overlying  Dewey  sequence retained uniform
thickness across the shelf. reflecting more constant condi-
tions.

The Dennis and Dewey sequences shown in fig. 33
and the underlying Swope sequence all contain widespread
black shales, each of which is locally lost over the Central
Kansasuplift,andallofwhichgradetograyshalenorthward.
AIl sequences are bounded by subaerial hiatal surfaces, and
all transgressive units are relatively thin.

A gamma-ray spectrolog of the Amaco #A4 Cox
well  from  Haskell  County  in  southern  Kansas  nlustrates
lithofacies succession and the characteristic log response of
the depositional sequences  in  the western craron  (fig.  34.
Amaco Cox).   This weu is also well No.  1  in fig. 33.  The
graphiclogontherightmargindepictsthelithofaciessucces-
sion.  The sequence boundaries coincide with the subaerial-
exposuresurfaces.alsocoincidingherewithafacies-disloca-
tion surface associated with marine flooding of the succeed-
ing depositional sequence. Notably, the sequences and most
associated facies elements are correlative with the wireline-
log response, thus facilitating subsurface 3-D mapping.  The
natural  gamma-radiation  log  clearly  denotes  the  marine
condensedsections.Theseareorganic-richshalesinthecase
of the Swope,  Dennis,  and Dewey sequences  and a dark
crinoidal wackestone in the Cherryvalle sequence.  Elevated
uranium concentrations are the sources of the gamma-ray
peaksinthecondensedsections(fig.34).Incontrast,thorium
appearstobeelevatedrehtivetouraniumincertainpaleosols
reflecting the concentration of thorium under more strongly
oxidizing  conditions  (Doveton,  persoml  communication.
1989).

The  lithofacies  components  have  been  napped
(Watney. 1984,1985 a and b).  The wirenne logs. calibrated
withcores,permitregionalcharacterizationofthesequences
across the shelf.  Isopach maps of the four depositioml se-
quences are included in figs. 35-38.  These maps are inter-
preted in figs.  39  and 40, revcaling progressive structural
modification of the shelf.

The shelf profiles in western Kansas during devel-
opmentofthefivesequencesfromswopetololaaredepicted
in fig. 41. A ramp profile and oonte accumulation character-
ize  Swope  and  Dennis  sequences,  while  a  platfom  and
isolatedphylloid-algal-mounddevelopmentcharacterizethe
Dewey  sequence.    Differential  subsidence  was  episodic,
apparentlyspanningseveralsequencesduringthedurationof
each tectonic episode.

Fig. 42 ^ilustrates relative levels of marine inunda-
tion  on  the  western  craton  above  and  into  the  sediment-
starved Anadarko basin.  The section is constnicted in time
andresemblesawheelerdiagram.Majorcondensedsections
arenoted.suchastheHushpuckney,Stark,andMunciecreek
shales.    A computer-simulated version  of this  diagram  is
included in the attached paper by Watney et al.   Dominant
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causal  mechanisms  for  Pennsylvanian  sequence  devc]oP-
ment  are  eustatic  fluctuations  and  subsidence  related  to
development of the adjoining Anadarko basin.

Constraints  on  defining  shelf  elevation  and  the
extent of inundation (illustrated in figs. 41  and 42) during
accumulation of each sequence are provided in fig. 43a. Two
diagrammatic cross sections from the western craton depict
prominent  geoloctc  features  influencing  distribution  and
character  of  depositional  sequences  on  the  northern  and
southemedgesoftheAnadarkobasin(fig.43bandc).Reefal
and algal mounds were episodically deposited during the
Missourian over fault blocks along the Wichita Mountain
front @utton.  1982),  while calbonaterdominated deposits
aceumuhted on the northern shelf of the Anadalko basin.
Irocal submarine fans and allodapic carbonaterdebris flows
consistingofshallow-waterderitusaccumulatedinthesedi-
men(-starved  basin  along  the  northern  and  northwestern
flanks of the Anadacko basin.

As described above. both platfom and ramp set-
tings developed on  the northern shelf.   Fig. 44a, b, and c
iuustrates diagrammatic sequences fomed in each of these
environments.  Fig. 45 iuustrates a conceptual version of a
portionoftheDennissequencewhichaccumula(edonaramp
setting. A flooding unit and condensed section characterized
by  landward  onlap  and  a  shallowing-upward  succession
characterized by downhp and toplap are indicated. Sea level
apparently fell to expose a majority of the shelf, resulthg in
the  offlapping  facies  succession.    Stops  6  and  7  present
evidence for analogous development in the Dennis sequence
in eastern Finsas.

Parasequence  conelations  have  not  been  estab-
lished but are extremely critical to interpretations suited to
prediction of favorable reservoir racks.   Shelf elevatiQn  is
alsocriticaltorefinedinterpretationsandisthesubjectoffur-
ther investigation.

Sequence development in the Arkoma
Basin and adjoining shelf in eastern

Oklahoma

Bennison (1985) and his collaborators in biostrati-

graphy  have  assembled  a  remarkable  view  of  the  upper
Desmoinesian and lower Missourian depositional sequences
in  the  siliciclastic-dominated  fluvial-deltaic  sedimentary
regime in the Ackoma basin (shown eahier as fig. 16).  The
Arkoma basin and adjoining northern shelf were progres-
sively filled by these prograding elastic deposits.  However,
theprogradalonalepisodeswerestronglymoduLatedbynow
weu-defined marine depositional sequences that are tempo-
rally equivalent to  those in  the western craton and on  the
northern  carbona[e  shelf extending  to  Iowa.    Condensed
sectionspunctuatethesiliciclas(icandcarbonatesuccessions
both in the basin and far onto the shelf and strongly suggest
lhatarapideustaticriseinterrup(eddeltaicprogTadrtion.The
same condensed sections have now been correlated to the
Midland basin of Texas, suggesting more than simple local



a,at,t('t'aa,t,®,

->1 J.
.:` 1_.

LA -\,
'      .    ?-    .      . -

:
I

-t --i `t.i

:.-.-`?,` .     `- I.
(. i--`

r-_,
'/a ' L``

•:.3 - `,_.

---:,S-   _--
- I\'

)
?£t.-,---

1111- .'\

.'<I 3. )i
'

C
I\-

).
< ``` - ```

t_ -.--# \J
.--  --     . --.?.   .I -- F>

c,fov' "

S,

a

•+ 'c=_=_l

®

'
C ..j± -, i ,,,,-, I                ,®,,-i'=,Jri •<-_L,,,,®

C'auoT

®     :L'

?-+ _,;ffi
:   ,cf  : 1111,- i, {? 1\'

f` I__,`----.
€: i-, srl

•      =>ri-......-.\)
•--.,- \- 'P

•-.-.-   -..
) P

I?
•-.-

\

i 1-_
nil, ,

I.(
'=

)

P..I,1`\ r>
-.<\t I \-,J<

1\
--I

{\ -I

< 3 :i

I, Li, I

•:--:`,-T------- II

I._`p=.I_.i
P-I5.'

a8,1®,,,,
•`:.I

~,

\1 \\ r
'''

•       `1                        .I '-
( i

\

_~1 •'-__J!-T1
I,

•\, •.-.-+` I.i: ..I---.-, - -\.-
_.        /'. I

i /

)!``

-.

.'_i-i-- --,--- .
•---   ,d

+-=.
SL9LR   150           0          _Pj:i            10                    o

GAL              16           3o                    N®u`ron                      a

30                   Densily                      a

Thorium         40

0     pO'f?;i±     I
0    uraniurn  (porn)---30

AMOCO    Cox  A-4

See.  8-T30S  833W

',,®^,

•  <.idr wh.a      D±==:
-alf,tw              a ,I,'|
I .-L'..i. I-ed.  E).''o...
\, hi..I.d`.                E= Id..i"
' ,..ri-I,'.I...     ®, -,
- Orfu

ed I n.

Sequence  Boundary

FIGURE  34rf^MM^-RAY,  NEumoN-DENsrTT,  AND  uR^N|uM,  THORI",  AND  poTALssl"  pROFlu2s  (G^MM^-R^y  spEerRoroG)  AND
GR^rmc  CX)RE  DESCRmoN  oF  DENNIs,  ChERRTv^LE,  AND  DEWEy  sEQUENCEs  roR  AMoco  CoX  A4  ilrBil  roc^mD  IN  H^s-
KEll COUNTY. SoU"wESTERN K^Ns^s.   Well is labeled #1  on cross section  and index map in fig. 33.



4(J

_ - - i -=. T -

a-o-vat-

f

:.     -        -I     -

'1

11

1111

L_'t£.f'-_i

I

I

I

I

I

I

11

11

11

11I------'----+------I

!!I-----I
=1
1!

!!

KW!        ...'       i
ILai--i--+            '-T ----- i

-DIIIIIIIIIIIIIIIIIIIIIIIIIII|
I    0        25       50        75     KILOMETEBS   I
I     __          .       I --.---                                    '

I                       I                             I                             I                             I     0                    25                   50   MILES                      I----- I ----- 1 ------ I ------ L ----- _L _ _ _ _ _ _ _1 -_ -_ _ _ _ _I. _ _ _ _ _ - -,

FIGURE  35-IsOp^cH  RAF swops  a{-ZONE) SBQUENCE.   Key  as in fig.  38.



JE!nH

1'

11

.--.i--=f.:i--___,.____i_____i_____I
'1'11

11111

I

I

I--i
I

I1--.----   1   _
Ill

+'''i--LT_____i--T-+
1111

I    0         25        50        75     KILOM=TEPS   1
I                                                               .         -I                               -i                                                                                         I

I                        I                              I                              I                              I     0                    25                   50;MILES                       I'.--i--i-i-----1---------______________1_______L______.-------

FIGURE  36~IsopACH MAp oF DENNls  (J-ZONE)  SEQUENCE.   Key  as  in   fig.  38.

'.I    `,    §11

I       +tf      ,                      I.---.-- i ---_ _1 _

'            -1~.
I,1.-   ''

11

11

11

11I------I
11

11

I-=
I

-¥i.-    -_--

11'r-----i
L-----+I

11

1'

I

+ _ _ _ _ _ _I

I

E-xp±--9r---iI

I

I

=i:    +-
++           ,-I  -i

I

I

I

Fi.:  ~J';!!ii  I

=\

i!£---,
I

...t      ,                    ,
I                   ,`                                I                                                                        Ir-----|r------+--J,               -T ------,,                   1,
1'11

I     0         25        50         75      KILOMETEP.S    1
I-__=1

I     0                   25                  50   MILES                      I

FIGURE  37-IsopACH  RAF  oF CHERRyvAue  (I-ZONE)  sEQUENc£.    Key  as  in  fl8.  35.
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FIGURE 38-Isop^en M^p oF DEWET (H-ZONE) sEQL7ENce oN WESTERN K^Ns^s SHEIF.  Mapped interval includes initial flooding surface
to top of marine in[erval at base of thin palcosol. Contour interval in feet. Heavy line outlines Centrd Kansas uplift  Hatchured
lines lceate prominent baselnent faults.

K   -   Zone                                                                     J   -   Zone

C? positive   shelf

TILI

/.a:o,`/ oolite,    thicker    in   areas
with   circle

FIGURE  39-SHEiF  coNFIGLTRAnon  ^NI)  DOMINANT  sLi^uj)w-w^TER  c^RBON^TE  F^cns  ]tssoa^TED  `rm+  K-ZONE  (SwopE)  SEQUENCE
AND J-ZONE (DBNNIs) SEQUENCE,  In(erpretation based on isopach and facies analysis of sequence units from cores and wireline
logs.
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I    -    Zone H   -   Zone

positive   shelf

micritic   carbonate
bu i  I dups

era   thickness    (I    -Zone)

FIGURE 40usl]Elr coNFlouR^noN  AND  Dcrm(ANT sH^IIaw-w^mR c^REor^me  F^ens  ^ssoonTED wml I-zooJE  (CmRRrvAIJ3) sE-
QUENCE  ^NI)  H-ZONE  (DBWEY)  SEQUENCE.

(K) SWOPE

FIGURE  41-UCcEssloN  oF  pROFnes  oF  sHE|F  DEVELopMENT  PRESENT  DURING  DEposrTioN  oF  iJ)veR  MrssouRIAN  sEQUENCEs  IN
wEsmRN   K^Ns^s  ^ND  souTHWESTERN  NEBRASKA.



SOU"EPN  KANSAS                        NoflTHEPN  KANSAS

I

50KM

FIGURE  42-ExrmIT  oF  iowER  MrssouRIAN  M^RINB  INUND^TloNs  oNio  SHELF  IN  iL/EsmRN  K^NSAs  AND  wEsmRN  NEBR^sK^.
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So`iligl.`t:a,           9.o!eJ+2p..._.   F|.oodi ng      Cond.ns®d      SrELI  Iowi Gq           Pal oosQ|

(G)     lola              lhjck                  lhjck                 thick.                  thick    grnst.         int®ns®.
t)lack                                                            conolon.

(H)    Oaw®y           `t`in                   mediuT`            medium,              Ic~   ®A®roy            rr`l`d.     to
oliod.    elk.       upp®/    sholf           .ntoos®

(I)    Chorry-thin    to          thin                limit®d               c®.®lox                     n:`)a.     to
vallo          very    tk.                                                                                                                     int®ns®

(J)    Duiinis     Mod,    to         thln              v®ll    d®v..       canpl®x                    rtoder.t®
thick                                          I.lk.                         thick    shoal

(A)   S*op®        ltod.    to        in.dium        v®ll    dov..       thick   slioal         rrod.    to
thick                                             blk.                                                                        int®ns®

(1)    Hertt`a        lh;a    to          thin                 tl`in
lTodo r a ' a

mod.    to    thio       intons®                locally
very   good

^ri.a.rko   B.sin W.st.rn   Kans.8    Sti®lf

Lov-.I.nd   &hor.lln.

FIGURE  43---a)  TABLE  oN  CoNSTR^INTs  ro  DBFINoNo  siiEiF  coNFIGURATloN  AID  RELATIVE  SEA-LEVEL  INLJND^TI0N  in  western  Kansas

during  accumulation of lower Missourian sequences;  b)  DI^GR^"^Tlc pROFus oF i`/ESTERN  AN^D^RKo B^sIN during  accu-
mulation of lower Missourian dcpositional sequences; c) CLj3sER vEw ^T NORTiDRN  EDGE oF AN^D^RJco B^SIN and adjoining
shelf illustrating low-stand shoreline.
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^n.a.rko   84sln
C^F`BON^TE    R^MP

*®St®rn    t(ansas     Sh®lf

450    KM    t280    MILES)

C^FtBON^TE    Fl^WP   MODEL.    WESTEF)N    KANSAS    SHELF

suB^Ef`I ^L   exposufiE
souTI1         ,  _

PL^TFOF"

FIGURE  44-a)  GEOMEm¥  oF  A  I+yro"E7[c^L  MlssouRI^N  c^RBON^m  R^Mp  deposited  on  western  Kansas  shelf  during  active
Subsidence; b) PosslBLE n`rmeRN^L GEowEmT oF A MrssouRI^N DEfusrTloN^L. SEQUENCE deposited on ramp in western Kansas;
C)  DEpasrTroN^L  SEQUENCE  wincH  ^cc"uLATED  IN  A  PLi\TroRM  SETTING  during  quiescence  of  subsidence.
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HITCHCoct(    COUNTY    (N®b.)

FIGURE  45-oNCBFTu^i.  vHw  oF  GEOMETRy  ANI>  INmeRN^L  sTRAT[GR^ptly  oF  DENNls  sEQUENa!  (J-ZONE)  IN  wEsmRN  KANSAs.

rise and fall  in relative sca level  (Boardman and Heckel,
1989).

Although earher Desmoinesian clastic wedges did
not advance significantly across the Arkoma basin, the Mis-
sourian sequences show increasing northerly advancement
of the clastic wedges.   By upper Missourian and Virgflian
tine, these elastic deposits spilled onto the shelf reaching as
farassouth{entralKansas(Renocounty)wheretheylcached
the edge of the Cenhal Kansas upnfl  The early MissoLirian
Pleasanton, Hertha, and lower Swope sequences are repre-
sentedbysediment-stanredconditionsinnorthemoklahoma
and  southern  Kansas.   Sediment-starved  sequences domi-
nated  by  condensed sections fom  these basinal deposits.
Thesewiubeseenincoresfromthenorthemedgeofthebasin
and in Stop 12.

Basin subsidence was stiu a significant factor in the
development and gcometry  of the  sequences.   Part of the
broadening of the elastic wedge is attributed to progressive
widening  of  the  foreland  basin  increasing  the  extent  for
sediment accommodation (Bcaumont.1981).   Bcaumont's
forward model of foreland-basin defomation fits well with
the observed overau pauem of broadening, but shallowing.

regional  subsidence.    However,  the  observed  sequences
reflect a modulation that occurred at a higher frequency and
ampntrde over much broader areas in varying tectonic set-
tings.  Interbasinal correlation of these sequences in varying
depositional  settings  further  supports  a  eustatic  origin  of
these sequences.   Teetonism plays a  secondary role in the
development of the sequence.

Depositionaltopographyisstronglysuggestedfrom
therackrecordpreservedalongthemarginofaclasticwedge
deposited in the Arkoma basin.  Clinoformal (downhpping)
sandstone and shale deposits developed along the basinward
side of maximum thickening @ennison,1985).  The clino-
fcrmstratacontainsedimentarystructuresindicativeofhcavy
tractive sand load and debris transport. Topographic relief is
also suggested t)y increasing evidence of fluvial deposition
andred-bedaccumulationalongthemoresouthem,proxinal
[opse[ beds of several of the depositional sequences in the
Tulsa, Oklahoma, area and south (Bennison,1985). This also
suggests  that fall  in  sea level  was sufficient on  the upper
slopes  to permit accumulation  of fenic oxides as  had oc-
curred along  the upper reaches of the northwestern craton
shelf  in  northwest  Kansas  and  southwestern  Nebraska
(Wamey,1980; DUBois,1985).



Sequence development on the eastern
Kansas shelf and shelf margin

The field rip will examine the northern-shelf and
upper basin-margin extensions of the Arkoma basin.  Fig. 3
depictsthepleasanton.Hertha.Swope,andDennissequences
along a section extending from near Kansas City. Missouri,
tonearcoffeyville,Kansas.AsindicatedinBennison'scross
section in the Arkoma basin (fig. 16), the Pleasanton, Hertha.
andlowerswopesequencesrefleetsedimentstarvationinthe
northern AI.koma basin.  The condensed sections (connected
by continuous lines). including the Mound City and Hush-
puckneyshales,convergeinabasinwarddirection.Subachal
hiatalsurfacesaredevelopedonthenorthemshelfatthetops
of the sequences.  However, practical sequence definition is
facilitatedinthesubsurfacethroughidentificationandcone-
lation of the condensed sections through nthostratigraphy,
biostratigraphy. and rLatural gamma-radiation profiles.  The
isolation of parasequences and detailed mapping of stratal
arohiLeeture of the depositional sequeTLces is in progress by a
number of workers.

The upper, northern shelf shown on the top half of
the cross section (fig. 3) contains a  150+ ft (46+ in) thick
deltaic  shale and  sandstone  succession  in  the Pleasanton
sequence.Theplcasantonthickens(omorethan200ft(6lm)
in eastern Kansas.   However.  the southern marctn of the
deltaicuni[thinsabruptlysouthwardinNeoshoandBourbon
counties. resulting in lceal depositional topography.   This
slope is much more abrupt than the structural ramp that was
maintainedduringseveralsequencesinwestemKansas(~20
fvmi, 3.8 in/kin along the Pleasanton delta front vs. 1 ftfui,
0.2 mAcm along the ramp in western Kansas).  The resulting
effectsonsubsequen[sequencedevelopmentaesubstantial.

A series of isopach maps of the depesitioml se-
quences are presented in the order of deposition (figs. 5-12;
Pleasanton. Hertha, Swope, and Dennis). The map and cross
section depict a continued, more basinward progradation of
each succeeding sequence through this interval. The Hertha
sequeT)ce  is  composed  of  up  to  100  ft  (30  in)  of  thick
carbonatebankdominatedbyaphylloid-algal-moundfacies.
The bank is developed in the Sniabar Limestone above the
condensed section of the Mound City Shale.   The Critzer
LimestoneispartofalowersequenceincludedhereintheLop
of the Pleasanton.   The  accretion  of this carbonate bank
extended  the shelf over  19  mi  (30 kin)  basinward during
Hertha time.  This amounts to an effective progradalion rate
ofo.16too.08km/ka(0.1-0.05miAca),dependingonwhether
sequence duration is taken to be 200 ka minimally or 400 ka
maximally (Heckel, 1986).  The nature of the amalgamation
ofthisbankinthecontextofshelfdevelopmentisthesubject
of a dissertation by John French.

Basinward, the carbonate-bank facies grades into a
basinal{arbonate  facies  consisting  of  dark  organic-rich,
argillaceous,  crinoidal.  brachiopod,  spirorbid,  encrusting
foraminiferal wackestone.  Maximum carbonate accumuha-
tion occurred at the seaward margin of the slope break where
increased accommodation acculTed. probably favoring opti-
mum nuchent supplies due ro current action.
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The Swope scqucnce is complicated, due Lo a( lcasl
two  cpisodcs  of  marine  inundation  (resulting  in  par.asc-

quences). as  well as both carbonate- and siliciclastic-sedi-
ment accumulation.   The  lower carbonate  is  the Be[hany
Falls.inrnostphcesashallow-watershelfcarbona(e.I(com-
prises  the upper limestone of the Swope Sequence on  the
nonhem shelf. e.g.. at Stops 7. 8, and 9.

Isopachs of the Bethany Falls Limestone. 12dore
Shale, Mound Valley Limestone, and Galesburg Shale are
shown  in  figs.  8-11.    These  form  a  successive  stack  of
lithofacies  comprising  the  Swope  sequence  in  the  basin.
Shelfward an that is present, or at least recognized,  is the
Bethany  Falls  Limestone  and  the Galesburg  Shale.    The
Galesburg Shale on the lower shelf is in pall a paleosol that
contains limestone lithaclasts; i( also contains a thin upper
marineshalerefleetingtheonsetoffloodingassociatedwith
the  succeeding  Dennis  sequence.    Along  the  lower  shelf
margin and basin. the Galesburg Shale and Ledore Shale are
prinarily marine sandstones and shales.   They apparently
filled the basin during sea-level lowstand basinward of the
Hertha carbonate bank.   The Mound Valley Limestone is
thought  to  represent a  parasequence  in  the Upper Swope
sequeTice,withtheassociatedmarineinundationtermiTLating
ladore Shale deposition.  Prior to the influx of siliciclastics,
Mound Valley Limestone phyuoid-algal-mound complexes
weredepositedalongthelowerslopesinthenorthemArkoma
basin margin.  Bennison (1985) also notes a marine puncLua-
tion in the siliciclastic wedge in Oklahoma, which includes
the  "I+ayton  Stray  Limestone"  as  proposed  by  Bennison.
While the Mound Valley Limestone represents a pause in
siriciclastic influx  during the Swope sequence, Galesburg
Shale accumulation represents the resurgence of the deltaic
systems during  low  stand and  the  influx of coarse,  more
proximal siliciclastics into basins in southern Kansas.  The
ac(ual sources of these sandstones and shales in Kansas have
not been fully established.  However, they are low-stand de-
posits, probably reflecting some bypassing on the northern
shelves.  Plant debris is a very common component in these
deposits, particularly  in  the  lower portion  of the  lJldore
Shale.  Large woody-plant fragments may reflect the accel-
Crated erosion on  the uplands during the low-stand condi-
tions.    Sandstones  that  developed  in  the  Galesburg  and
Ledore shales are lcoally known ds the ``Idyton Sands(ones"
in  the  subsurface  and  have  been  very  good  oil  and  gas
producers.

The  Canville  Limestone  (flooding  unit)  and  the
Starkshale(condensedsection)overlietheswopesequence.
The stratigTaphic thickness of the Stark Shale compared to
theNuyakacreekshale(condensedsectionatthebaseofthe
Plcasantonsequence)intervalisnoticeablysimilaracrossthe
shelf and shelf margin into southern Kansas (fig. 3).   This
occurndinspiteofrapidthinningofthepleasantonsequence
and the subsequem outbuilding of the shelf created by the
Hertha and Swope sequences.  The unifom thickness of this
successionsuggeststha[theteetonicsedingofthispordonof
the shelf was stable while progradetion cx=cured.  Sca-level
change  and  its  interaction  with  local  topography  can  be
studied and com|)ared with areas of more sustained tectonic
subsidence  in  westcm  Kansas.   The Dennis seqi)ence  was
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deposited as a carbonare bank northward from those of the
underlyingunits(fig.3).Thisbaclcsteppingappearstoreflect
generation of significant accommodation space on the shelf
alongalinearhingelinethatparallelsthearisoftheArkoma
basin. Backstepping or at least aggradation is also suggested
for the Demis sequence in the shiciclastic wedge in Okla-
horma (fig.  16).

A total interval isopach from the Nuyaka Creek to
thetopoftheWintersetprimarilyreflectslong-terln(>1ma)

(a)±` =.\,.sJedT-
into Afroma basin

slope inferred from
isopach. Nuyaka Creek
to Excollo shak}                      gentle  slope

accommodation due to subsidence and sedimentary in filling
(fig.13).  However, as sequence-stratigraphic mapping indi-
cates.thissediment-fillingprocessduringshort-ten(<1ma)
steps is modulated by eustatic change.   Figs. 46-52 are a
series of conceptual diagrams depicting the paleogeography
of the shelf-to-basin transition in southern Kansas during the
early  Missourian.   The isopach  maps,  cross  section.  and
working conceptual diagrams will be used throughout the
course of the field trip.

NOBTH

E=-
limit 0' mapping

Marmaton Group

line ot flexuro

thickness based on isopach
of Plaasanton Group

Pl®asanton delta progradatjon during sea level  high stand

FIGURE 46-PRELrmT^RT  DEposmoRAL MomL or Pu2^s^Ni`oN  sEQUENce ^LONo  NOR"-so(rm  TRAvrsB IN  E^simN  K^NSAs  FROM
K^NS^s Cinr on Ire NormT To CoFFETVIuj2, K^Ns^s oN nE so(mg a distance of 150 mi (240 lm).  Sedincnt-stan/ed basin
tosouth.150+ft(45+in)ofdepositionaltapographyonsouthcmslopeinadditiontoregionalsouthcrlyslopeintobasinstrongly
influences geomeches of s`pgbacent depositioml sequences.

Sea level rise from a to C allows carbonate growth on  shelf

Sea !C-vel  tall  from  C to  D associated with  carbonate  progradation basinward and subaerial exposure on
sr'elf

Carbonate  growth  in  basinwarcl  location  during  lows{and  in  sea  level  (incipient to  continued  progradation  of
shelf)

FIGURE  47-PRELJrm^Ry  DEposmoN^L  MODEL.  oF  ChRBON^TE-Dchoi^TEI)  HERnt^  SEQUENCE  IN  E.^sTERN  K^Ns^S  BETWEEN  K^Nsrs
Cmr ^NI) CoFFEyvnu, Ki"s^s.  Accretionary wedge,100 ft (30 in) thick. consisting of a complex of phylloid-algal buildups
developed along edge of Plcasanton dcltric plafro|m.  Shelf margin extended 17 mi (30 km) basinward during Hcrtha sequence.
Sediment-starved to south with local isolated buildups during low stand.  Uniform cyclothemic accumulation aeross northcm
shelf.
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SOuH NOBTH

a?z%dp?i        %®®d»®efar%oo9+ro?

Sea level rise from  D `o E - carbonate deposition on sh®lf

Sea level  fall from E  to  F -Carbonate margin progrades  basinward beyond  previous  Sniabar stielf margin.
Sequence culminates  in subaerial exposure  on  shelf.

FIGURE  48-PREL"IN^Ry  DEpcrsrnoN^L.  MoceL.  oF  c^REON^TE-DOMIN^meD  BE`rH^NT  F^Lrs  L"ESTowE  op  SwopE  sBQUENct  ^roNG
TRAVERSE BE`rvEEN K^Ns^s CITY AND CoFFEyvmi!.   Additional southerly ex(ension of shelf margin toward sedimcnL-sLa]ited
condiLious to south.

froeqrained cqzstK=
from Chact`ita cleoitaJ
belt &Zj+,^dyz.6::Z;b9'69,f     ^Za.aa?`°. oy.fo

Sea k*d rise from F to G . Continued bypass ol sedi.iiont  basin.art.  The Li)do/e laps out sh®ltward. wltn
C)as6cs primarty derfued from Oie Ouachitas amouqh nomedy source has not entjrely been discounted as
illustra®.an  indicates.

FIGURE 49-PRELunlAIy I)EposrT[oN^L MODEL. oF I^DORE S LL^LE Cower Layton sandstone interval) deposited during lows[and in mid-

poltion of Swope scqucnce.
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SOuH NoflTH

Ladore  Shale

<Sa6efy::::r`4:z:POS:Pztop'49,f     ^6a¢P?~o,.,.S

Continued sea level rise from G to H - local caTbona(a deposition (Moijnd  Valley) takes  over on shelf margin
(replacing  Ladore Shale deposition).   Sea level drop trom H  to  I -prograclation ol carbonate basinward--
local carbonate growth.in  basinward location; local  subaerial exposure  on  most sheltward locatoris.

FIGURE 5o-PREL]EN^R¥ DEFiosrnoN^L Mol>EL oF MouND V^uET I"EsroNE ALONG TRAvmsE moM K^Ns^s Cia ro CoFFErvnll3.
Accumulationofcarbonateoocusinbasinasresponsctominor"rinefloodinginthc`prSwopescquence.Addifronalsouth-
crly extension along southeln shelf.

SourH NOFITH

sea level  rise lrom  I to J  -progradation of caarsor elastics from Ouachitas: basin tilling prior to  renewed
subsidence

Sea level fall from J  to  K -palcosol and coal development,  local erosion,  surface  merges with top  Mouoc!
Valley oxposuro surface landward which  merges landward with  Belhany Falls exposure surlace

Sea lov®l rise lrom  K -reri®wed influx of coarse clasties (ram Ouachitas during gradual  rise in sea level as

part of lowstand portion  o(  Dennis  Sequence  (?)

FIGURE 51-PREUEN,utT DErosmoN^L MODEL oF G^u2sBunG  SH^i.E (upper hayton salrdstone inter`/al) deposited during low stand
at the close of the Swope sequence and the initial flooding associated witli the Demis sequence.
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lowstand wedge deposited
during  initial  rise  in sea l®vol

Sea level  rise K to L -major marine inundation witti  major sheltward shift in carbonato deposition;   renewed
Subsidence results in  northward backstepping of shelf margin.   Sea levol  fall  from  L to  M with  minor
oscillations results in basinward progradation of cart)onates.

FIGURE  52-PREurmT^R¥  DEposmoN^L MODEL oF nE  Dunils  SEQUENCE  associated  with renewed  subsidence.
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Appendix A
Sequence-stratigraphy teminology

Summarized  here  is  terminology  utilized  in  se-
quence-stratigraphic intelpretations as presented by Haq et
al.(1987;fig.28)andforacartx)nateshelfbyvail(1987;fig.
A-1).  This teminology, generally after Van Wagoner et al.
(1987)unlessotherwisespecified,willbeudiizedthroughout
the (ext and during the course of the field trip where apph-
cable.

Dcposz.ffoAa/ fequencc:    the  fundamental  unit of
sequencestratigraphy.Adepositionalsequenceisastratigra-
phicunitcomposedofarelativelyconformablesuccessionof
genetically rela€ed  strata bounded  by  unconformities  and
their correlative conformities (Mtchum, 1977).  They have
predictable stratal patterns and lithofacies and thus provide a
newwaytoestablishachronosmtigraphiccorrelationfrome-
work based on physical criteria (Vail, 1987).

Hiatal surface (uncon.formity)..  sepala:res tacks Of
different ages and does not cross other chronosmtigraphic
surfaces.   In  addition.  the duration  along  a hiatal surface
varies. thus tine lines merge along the surface, but do no(
cross it. Therefore, the hiatal surface is not diachronous. The
strataboundbyanunconformityarealsonotdiachronous,but
temporally  distinct.    However,  the  strata  constrained  by
bounding hiatal surfaces were not necessarily deposited at
the same time.

Marine-f oooding surface..  a, siirface that+ sepalz\tes
younger from older strata, across which there is evidence of
an abrupt increase in water depth.

ParaJcgwencc5:     relatively  conformable  succes-
sions of genetically related beds or bedsets within a deposi-
lional sequence, each bounded, in mos( cases, by a marine-
flooding  surface  and  their  conelative  surfaces.    Parase-
quencesareprogradationalandthereforethebedswithinpar-
asequences  shoal  upward.    Stacking  patterns  of parase-
quences in parasequence sets are progradational, retrograda-

tional, or aggradatjonal  depending on  the ratio of deposi-
tional rates to accommodation rates.

ScqqLcacc beqndrrz.cs:  regional hiatal surfaces, ei-
ther subaerial or subaqueous, that are charac(erized by rc-
gforia/ onlap of strata above the surface and tnmcation of
strata below.

Type  I   sequence  boundary..     chalac`e;[ieed  by
subaerialexposureandconcurrentsubaerialerosion,abasin-
ward shift of facies, a downward shift in coastal onlap, and
onhp  of overlying  strata.    A  type  I  sequence  boundary
develops when there is a relative fall in sea level (e.g., rate of
eustatic sea-level fall is greater than the rate of subsidence a[
the depositional  shore-line break;  labeled  SBl  in  fig.  28).
The  type  1  sequence  boundary  of  shelfal  Pennsylvanian
rcx:ks is the stratigraphically highest regional subaerial sur-
face of each depositional sequence.  Parasequences also can
have an upper subaerial surface which is not as extensive in
a basinward direction as the upper bounding surface.

7.ypc 2 scqwc#cc bou!ndary:   marked by subaerial
exposure and a downward shift in coastal onlap landward of
the depositional-shoreline break. onlap of overlying smta
landward of the depositional shore-line break; lacks a basin-
ward shift in facies. The Type 2 sequence boundary is an un-
conformity in landward positions (labeled S82 in fig. 28). A
Type 2 sequence boundary is interpreted to fom when the
rate of eustatic  sea-level fall  is  less than the rate of basin
subsidence. so tha( no relative fall in sea level occurs at the
shoreline position.

7rougrc55t.vc f¥Jacc:  the firs( significant marine-
floodingsurfaceacrosstheshelfwithinthesequence¢abeled
rs in figs. 28 and A-l).  This appears to be most difricult [o
identify on a seismic section but is easy to identify in  the
rceks.
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FIGURE  A-1-TTPEs  oF  DrscoNTINurrEs  IN  A  DEFusrTION^L.  SEQUENCE  (from  Vail,  1987).
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FIGURE  A-5-DEThLnj3D  sEcmoN  oF  uppER  PART  oF  sElsNIc  pROFu3  sHowN  IN  FIG.  A4.
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Application of high-resolution reflection
seismology to eastern Kansas cyclothems

Ralph W . Kxpp
Kansas Geological Suri/ey. IA`i/re]ice, Kansas  66047

Thesuccessfulapplicationofreflectionseisinology
to the detailed study of eastern Kansas cyclothems has been
accomplished with the use of two properties:

I.Thesuccesstulreeordingofhigh-filiequencydatawith
dominant frequencies  of 250  in or greater and
upper frequency limits of 500 Hz or greater.  This
band width tunes to the general thiclmesses of the
dominant hyers of the cyclothems.

2.Theuseofunusunllysmallgeophoneintervals,or fine
lateralsampling,whichdetectsdetanedhteralvari-
atlas in the beds.

Resolution is easily and precisely defined mathematicauy,
yet some of the important aspects of the wck that is being
done minimize some of the important proper(ies of resolu-
tion.    To  think  only  in  tens  of "resolution"  is  to  limit
ourselves. We need also to think in tens of "deeection" and
`.thin bed response."

Resolution

Mathematically, resolution is defined by the time
duration ®ulse- width) of the seismic{nergy pulse or wav-
elel  The details of the definition may vary from reseacher
to researcher and differ according to how one defines the
pulse-width,  for  instance,  where the  wavelet  begins  and
where it ends.  However. that detail is no( necessary to this
discussion.    No  matter  how  piilse-width  is  measured.  it
dependsontwofroquencyrdolnainproperties,ampna]deand
phase.

The wavelet is a discrete bundle of finite seismic
energy.Tobeadiscretet)undle,itisrequiredthattheenergy
decrease toward zero as time inacases from the peak of the
energy.  That is. it must be a transient signal which tapers on
and tapers off.   Being convergent toward zero as tine in-
creases  and  being  of  finite  energy  satisfies  the  stability
requirement of the wavelel  The more rapidly the conver-
gence  toward  zero  occurs.  the shorter the wavelet.   The
derinition of a wavelet according to some researchers (i.e.
Robinson,  1963; Robinson and Treitel, 1980) requires that
the  wavelet have a definite onseL   This concept follows
physical  reality.   That is,  the source of the  wavelet com-
mences at some discrete origin time.  The wavelet is then al-
lowed an infinite time to seule down and return to zero. That
is physical reality and  is called causality or the one-sided
property.Somethingcausesthewaveletandthewaveletdces

not exist befcne the cause. However, mathermtically we can
delve wavelcts that taper in both tine directions. to positive
infinityandtonegativeinfinity.Thezercxphasewaveletisan
example.  They are computationally convenient so we use
them  frequently  in  models.    They  also  have  the highest
resolution for a given amplitude spectnm (Schcenberger.
1974).sowemaytrytoprocessthedatatocontainthem.That
is, by phase ffltering. a wavele( can be transformed to zero-
phase.

The phase apectnm is usually the weak link of our
knowledge.    It  is  frequently  ignored  or  neglected  either
because we know nothing of it or because we can do nothing
atx]ut it.   The phase refatiouship of the various frequency
components of the wavelet determines (or is detemined by)
the dispersion (smearing) of the energy Qobinson and Tre-
itel,  1965,  1980).    Minimum  smearing  occurs  when  all
frequencies are in phase at some instant of time.   These
wavelets  are  zertrphase  wavelets  and  have  a  symmetric
disrfution of energy which converges toward zero on tx)th
sides of the peak as time increases. Zero-phase wavelets are
mathematical and are not physically realizable. not causal.
For  causal,  or  physically  realizable  wavelets,  minimum
smearing is achieved with minimum-phase wavelets.   By
definition, a mininum-phase wavelet is the unique wavele(
for a given ampufude spectrum which concentrates the en-
ergyascloseaspossibletotheonsetofthewavele[0`obinson
and Treitel.  1964,  1980).   Both zero phase and minimum
phase have phase  spectra that are simple functions (zero
phase is divial). Fig. 1 compares mininum- and zero-phase
wavelets.  For the record, the phase spectrum of maxinum
complerity. a random function. results in an infinite disper-
sion of energy which is random or static-type noise.  If the
ampliqrde spectnim statistically contains all frequencies at
equalamplia]de,itiswhitenoise,justaswhitelightcontains
all colors of the spectrum.  If the noise is band-limited, it is
colored.

Phaseisanimportantpropertyofthewavelet.Once
phase is understood and under contol, resolution is defined
in  terms of bandwidth  of the  ampnaide  spectlim  of the
wavelel  ln short. resolution is directly propordonal to the
bandwidth of the waveleL  The broader the bandwidth. the
greater is the resoludon.  The extremes of this statement are
casily illustrated.  For instance, if we have a single frequency
(minimum bandwidth possible).  the wavelet is monochro-
matic, a pure sinusoidal function (of one frequency) which
propagatesfromnegativeinfinitytopositiveinfinitywithout
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FIGURE  1-THE  REsroNSE  oF  2ERCLpt+^sB AND  io""-ptl^sE  w^vEurrs  To A  REFu2crINO  INmRF^cE.

e

FIGURE 2-THE sc^ENa FRopERiT oF FouRER TRANsro" rmoRT:   reducing the time width of the wavelet increases the frequency
bandwidth.  'Ihat is. irmeasing bandwidth shortens the wavelct width and improves resolution.

decay  or change  of amplitude.    A  pulie  sine  wave  is  an
example.  Such a wavelet has zero resolution.  On the other
hand. if we record an amplitude spectnm which contains au
frequenciesofequalamplitudeandzeroorminimumphase,
we have the maximum bandwidth possible, and we have an
infinitesinally thin spike for a wavelel   This is maximum
resolution.  h fac| it is infinite resolution.

Thus  resolution  depends  on  bandwidth,  not  fre-
quency.   As long as  the bandwidth  is equal. resolution is

equal, independent of the frequency values.  (Again phase is
not considered.)   This dependency is on bandwidth with a
linear scale. Some researchers think that it depends on band-
width as measured in actaves*, a logarithmic scale, but that
is no( rfue. They reason that for a given bamdwidth in octaves
andasimilarphasespectrum,thewavele[maintainsasimilar
shape as  frequency  changes.   To change the shape of the
wavelet, the frequency band  in cetaves  must be changed.
However,althoughthes.hapeissimilarathigherfrequencies,

'Che octave is an increase (or decrease) of frequency by a factor of tiro.  For instance,100 to 2cO Hz and 2 to 4 Hz are both one octave.

On a logarithmic frequency scale, the distance is the same for cflch.  Signirican( changes in frequency are hequently considered in
terms of fracdons of an octave, relative frequency changes instead of absolute frequency changes.  Think of music as an example;
Changing from one note to the next is a step of relative frequency change, not one of absolute frequency change.



the wavele( is narrower in lime, or higher in resolution than
it is a( lower frequencies.  For a given bandwidth in octaves,
as frequency increases, the linear bandwidLh increases, pulse
width decreases. and resolution improves (fig. 2).   For ex-
ample, 20 liz to 80 Hz is two octaves, the frequency band-
width is 60 Hz.  loo Hz to 400 Ih is also two octaves, and the
frequencybandwidthis300Hz.Resolutionisimprovedfive-
fold with the high-frequency bandwidth.

FormostpracticalpLilposes.theacquisitionofseis-
mic data (and most scientific data) is linited by octaves. For
example,mostseismicworkislimieedtoaboutthreecotaves.
Ifthatwokcanbedenea(higher frequencies.theTesolution
win improve.  So, even though resolution is not theoretically
constrained by frequency, for practical purposes and assum-
ing  good  quality  work,  resolution  is  proporional  to  fre-
quency.

Detection

ln the process of attempting to obtain data with the
highest possible resolution. the bandwidth is often stretched
to extreme limits. As a result, high- and low-frequency noise
areoftenacceptedonthedatasothatthewaveletswfllcontain
the marinum bandwidth.   As data get noisier and noisier,
small-ampntude events wnl tend ro disappear into the noise
level.Therickofgoodprocessingistomaximizebandwidth
and also maximize the detectabinty of small events.   One
especially dces not want to lose sight of the objective.  We
first need to see the event (detection).  Then we can worry
about maximizing its resolution.  Sometimes to see an event,
frequency-band umitations are required.  That is the cost of
detection. Fortunately there are other criteria such as coher-
encywhichcanalsobeusedtoenhanceaneventwithoutloss
of bandwidth.  Coherency takes advantage of the continuity
of an event from one trace to the next

Thin-bed response

Althoughthin-bedresponseismadeclearerandless
confusing by high-resolution drta, the fact is that (o measure
the thickness of a thin bed is not a question of resolution or
frequency bandwidth.  The basic problem is that the wave-
lengthofthesignalmustbesimilarindimeusiontotha[ofthe
bed thickness. If it is much longer than the bed thickness, the
detemination  is  less  reliable  and  with  increasing  length
becomes impossible.  If i[ is much shorter, the problem is not
oneofathinbed.Thethin-bedproblemassumesthatthebed
is thin compared to the dominant wavelength of the wavelel

To demonstrate that the thin-bed problem is not a
question of resolution, remember that in freshman couege
Physics,  soap-film  thicknesses are measured using mono-
chromatic light and principles of interference.  The seismic
thin-bed problem can be approached from the same stance.
An advantage of having broad-band data is that interference
problems are less disruptive.   If the concern were only the
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resolutionofisolatedthinbeds,brcnd.banddetawouldnolbc
needed.

Thedifferencebetweenthin-bedresponseandthick-
bed response is tha( thick-bed response has a sepanLe re-
sponse for the (op and bottom of the bed, the two wavelets do
no( interfere, and the amplitude of the wavelet depends on
reflection strength (reflection coefricient).  For thin beds, re-
flections from the top and bottom of the bed interfere.  The
result is a single wavelet response which approximates the
tine  derivative  of  the  original  wavelel    The  ampli(ude
response depends on the thickness of the bed.  When the bed
thickness is i/4 wavelength, the amplia]de of the response is
at a maximum,  exceeding  the amplitude  of the  thick-bed
reflection. As the bed gets thinner, the amplitude diminishes
approximately hnearly with thiclmess (Widess. 1973).  The
approxinalion  of the response  to  the derivative also  im-
proves as  the bed gets  (hinner,  and the  frequency of the
response increases slightly.  Therefcne, very thin beds will
have a low-amplitude. high-frequency response.  This dis-
cussion relates mainly to isolated thin beds.  For repetitive
thin beds (cyclothems), the inning effect is enhanced.

Fig,  3 iuustrates seismic response to cyclothemic
layering as a function of bed thinning.  The left side of the
figure is the seismic response. the far right-hand trace repre-
sents  the  section.   The layering  might be considered.  for
example, intelbedded linestone and shale. although any two
contrasthg rock types could be chosen. The cyclothems are
blacked into  groups  in  which  the beds  are progressively
thinning with depth. The dominant frequency of the wavelet
is about 400 Hz.  The first group, between .060 and .100 see
are thick beds (.00250 sec or 3 to 4 in [10-13 ft]).  Velcx=ities
of 2,000 to 3 ,000 in (6.600-9.9cO ft)/see are assumed for the
"shales," and velocities of 4,000 to 5.000 in (13,200-16.500

ft)/sec  are  assumed  for the  ..limestones."    The  lops  and
bottomsofthelayersareseenasdiscreteevents.forinstance,
a peak at the top of the .`limestone" and a trough at the base
of the "linestone" or top of the "shale."

The rest of the section is thin-bed response.  From
.loo to .140 sec individual layers are .00125 sec thick.  This
might represent umestones that are 2 to 3 in (7-10 ft) thick
and shales that are about 1 in (3.3 ft) thick.  Although there is
asligh(time-shift,onecanconsiderthepeakstorepresen[the
"timesrones"  and  the  troughs  the  .`shales."    a'hase-shift

processing, 90° in this case, can correct the time-shift error.)
The response of the thin beds tunes the seismic response ro a
frequency of 400 liz.  Note also that because of constructive
interference of the tops and bottoms of the beds, the ampli-
tude of the response is greater than the thick-bed response.

From .140 [o .180 see, individual layers are .00100
sec thick (1 to 2.5 in [3.3no ft] or less), and the seismic re-
sponse is tuned to 500 Hz.  From .180 to .220 sec. the layers
are  .00083  sec  thick (1  to 2 in  [3.3-7  ft)  or less). and the
seismic response is 6cO liz.  Amplimde is diminished only
because the seismic signal has reduced response at the higher
frequencies.   At the bottom  of the seismogran, layers are
.OcO50 see thick (less than I in [3.3 ft]). The seismic respense
would be 1,000 Hz, bu( the seismic signal does not contain
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FIGURE 3ulElsNIc REsroNSE oF crcu)"EMs:  the left-hand side
is  the  seislnic response  and  the  far right-hand  trace  is  the
`.velocity"  log,  the  layering.    I)omimnL  frequency  of  the

wavelet is  about 400  HZL   Tuning  and increased  frequency
occurs with inereased thinning.

that frequency.   All other frequencies ape riltered from the
response, hence. no record.  This emphasizes that the impor-
tan( elemen( of thin-bed detection is to have high frequencies
in the signal.  The model of fig. 3 does not contain interbed
multiples which would exist on real data, but interbed mul-
tiples would only serve to enhance the tuning effect of the
response.

With dominant frequencies of about 250 Hz. the
seismic response of many of the beds in the Upper Pennsyl-
vaniancyclothemsofeastemKansasisoneofthinbeds(fig.
4).   Each bed has a single wavelet associated with its re-
sponse.  Seismic data can be phase-filtered so that the unn-
bedresponseofalinestonehyeristhatofapeakandthethin-
bed response of intervening shales is that of a trough.  To
some exten| ampliarde and frequency response depend on
bedthiclmess,buttheinteractionofrefleetiousfromadjacent
beds, differences  in reflection  strength, and other factors
meduhate the quantification of the results.

Lateral resolution

It has been found that lateral change of cyclothems
can occur in short intervals and that trace apacings on the
order of 1 in (3.3 ft) are required on the processed seismic
sections to see them (see Knapp. I.A Franseen and Watney,
1989).  In general. this spacing detects events which change
within the distance of4 in (13 ft) or less. Close mce spacing
improves the lateral continuity of a reflection and when that
reflection changes. oTie is then both  more certain that the
changehastakenplaceandisnotjustnoiseandisbetterable
to quantify the nahire of the change.
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Computer simulation of coastal-marine
sedimentary sequences influenced by glacial-

eustatic sea-level fluctuations
W.I.;ymWatT.a)/,JohriFreru=h`andJctmchlLzigWong

Kansas Gcologic&l Survey. 14wrencc, Kansas  66047

Introduction

Quantitative modeling of depositional se-
quences

Forward computer models simulating sedimenta-
tionareunderdevelopmentattheKansasGcologicalsur`rey.
The  goal  of  the  modeling  is  to  incorporate  quantitative
information on rate, d`mtion. and meehanisms of processes
which affect sedinentation (Watney et al., 1989).  Daposi-
tional-sequence analysis and the characterization of temper
rallydefinedunitsarefundamentaltothismodeling.Refined
models are sought here integrating geologic- and seismic-
imaging information in an optinum shelf-to-basin transition
that we believe  can constrain  information on  parameters
affecting sedimentation.  Modeling offers considerable PO-

TABIE  l-MODEL a+^R^cmRlsTles.

•   one-dimensional    forward  rrodel

•   process-response   simulation   of

stratigraphic   units   derived   trerTi
depositional    sequence   analysis

•    interactive   Pascal   model    on    lEM  and

ccxpa t i b I es

•   modular   program   structure   (or   ease   in

rTrod i  I  i cat  i on

•   data    input    from   digitized   f ile   or

keyboard

•   output   on   LP-color   plotter

TABLE  2-MODEL  P^R^METERS.

I    subsidence   rate

I   average   sediment   accumulation   rate

•   sea    level

•    retardation   and   acceleration    factors

•    sedimentation   or    erosion   during   c*nergence
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tenhal in testhg scenarios of sequence genesis and can be
used to consm]ct time- stratigraphic views of the sequences.
Process-response data obtained from modeling of near-sur-
facefieldlal)oratoriescanpotentiallybeextendedtoequiva-
lent-agepetroleumreservoirsinthedeepersubsurfacetoaid
in reservoir prediction.  Sedinentary modeling is an area of
aggressive research in the gcoscienees providing a means to
integrateandquanffygeoscientificinfomation(e.g.,Grotz-
inger,  1986;  Read et al.,  1986;  Turcotte  and Wfllemann.
1983; Tulcotte and Kenyon. 1984).

The model characteristics are listed in table W-l.
TheparametersofthemodelareprovidedintableW-2.The
sea-level curve is assumed to be asymmedic such as the hte

lNFEBBED   OuATEBNABY   SEA   LEVEL
CHANGES   DUE    TO   GLACIATICIN

Bate   of   sea                 del-18  0
level   change

F-fall           lil  ®ro
F=r  ise                roc7tcD   a.Cn

0.94

2 . 6 3o%

1.0

2  . 9   25Cyo

1.75

6 . 3  21%

1.25

9 , 9  1 o%

-110
meters                             i`a

FIGURE  W-lcoxTGBN  ISOToPIC  RECoRD  oF  FORi"INIFER^
REcOvERED  FROM  LATER  piHsrocENE-  ^NI>  HouxENE-
^GE  I)EBp-sE^  Set)"ENrs  oBT^INED  FROM  coRBs  T^KBr`l

IN C^RnBE^N (from Den(on and Hughes,  1983).   Dates
on right  margin  in  kiloyears  before  prcsenL    Isotope
curves  scaled  in meters  of sea-level  change related  to
volume of ice and resul(ing eustatic change.  Rates of rise
(R) and fall ® indicated in meters per kiloyear for major
cycles of rapid rise and slower fall in sea level.

PKa
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Pleistcx:ene that is utilized here (fig. W-1).  Coastal-margin
depositional  sequerices  developed  during  the  Pleistocene
closely resemble Pennsylvanian sequences including flood-
ing units, condensed sections, shallowing-upward packages,
and  subaerial  surfaces.   Iate Pleistocene depositional se-
quencesarediscrete,sharplyboundedpackagesrepresenting
deeper  water  (high-stand)  deposits  overlain  by  shallow-
water (low-stand) units (Abbctt e( al., 1989).

Quaternary sedimentation analogue for
91acioeustasy

Coastal sedimentation during the Quntemary has
been visibly modulated by glacial eustasy due to extreme
changesinsedinentaccommodationprovidedforbyrapidly
changing sea level.   An examination of events in the fate
Pleistocene(<850,OcoyrsB.P.)indicatesthattlacialeustasy
is characteristically asymmetric with high-frequency. high-
amphmde sea-level fluctuations.

Ratesofriseduringthelasthalf-minionyearsrange
from 2.5 to  10 in (8-33  ft)Aca while fan in sea level  was
generally less than 1 in (33 fMca (fig. W-1). Workers such
as Matthews, Fiuon, Wfllians. Imbrie have determined that
the del-OL8 cuLrves in this situation predominantly reflect ice
volume.  As the lighter deloL6 is tied up in a biiilding conti-
nental glacier, the delot8 increases in ocean water.  A 0.11
per mfl change in delot8 is equal to approximately 10 in (33
ft) change in sea level (Wiuians. 1988).

Durations of high-stand conditions during the last
850,Ocoyearsofthepleistocenewereontheorderofl00,OcO
years.  These major asymmetric cycles were interrup.ed by
smaller inferred rises and falls in sea level.

Predicted fluctuntious in ice volume based on or-
bital  parameters  of precision,  obliquity,  and  eccenhicity
explain  much  of the  larger  scale  variability  in  sea  level.
However,studiesoftheearlystagesoficebufldupduringthe
LeteTertiarysuchasthewokofBergersuggesttha(particu-
lar continent and coean settings also produce unique charac-
teristicsoficebuildupandretreatsuchasextentoficebuildup
and ice-melting processes.   Accordingly, during other ice
ages continental glaciation such as the late Paleozoic would
probably be defined by a unique set of surface conditions on
the Earth in addition to Earth's orbital parameters.  Physical
processes coupled with geological conditions further tailor
ice buildup and retreat. The combination of these mecha-
nisms  are  now  being  investigated  by  researchers  using
computer simuhtions for both retrodiction of pas( glacial
events and prediction of futiire ice buildup or retreat.

Distinctive depositional sequences were developed
duringthePleistocenealongcoastalsettingsassealevelrose
and fell. Irocal conditions such as sediment type and supply,
shelf configuration, and tectonic setthg result in significant
variation in the nature of these sequences.  Nevertheless, a
distinctive sedimentary architecture developed in both car-
bonate and siliciclastic shelf settings leading to generalized
concep(unl depositional models associated with distinctive
rapid and extreme fluctuations in sea level.

The general vertical succession of stratal units that
comprise Quntrmary depositional sequences on the Atlantic
shelf are listed in table W-3 a3vans, 1979).  These are very
similar ro those sequences  developed  in  the midcontinen[
during the late Permsylvanian.  The/Jood!.ng H"./ or trans-
gressivesystemstract(aceordingtosequencenomenclature)
is the initial phase of sedinentation.  1[ is characteristically
thin.  It is  commonly  composed  of reworked  strata of the
underlying  depositional  sequence.    The  flooding  unit  is
succeeded by a condeured jn/crva/ consisting of glauconite,
phosphorite,orcafoonatedebris.Thecondensedsectionwas
deposited when sedinent accumulation was reduced.  This
stratal unit is addressed in the modeling as a rctordr/fen
factor or who` some call lag time.

The condensed interval is succeeded by a shallow-
ing-upwarddepositthatrangesinthiclmessfromzeroto10's
of meters thick depending on the sediment type and compe-
tence  of sedinent  input.    This  unit  is  succeeded  by  an
extensive. but commonly subtly developed subaerial{xpo-
sure surface.   This exposure during the Pleistocene on the
continental shelves is characterized by limited erosion with
preservation of substantial relict topography Gvans, 1979).
Unconsolidated siliciclastics underlying these surfaces are
seldom significantly distulbed. Altematively , sedimen tation
along the coastal area is nonexistent.

The  nature  of the  processes  forming  condensed
sections  is  of major  interest  in  forward  modeting  since
relationshipsofrates.durations.andmagnitudeofsediment-
accommodation  apace  and  sedimentation  are  ultimately
sought  Sddies of sedimentation during the htest ghaciceu-
staticriseduringthePleistocenc+Holocenetransitionsuchas
byllallackandschlager(198®suggestthatdininishedsedi-
mentationanddrowningarerehtedtoperiodsofhighratesof
sea-levelrisecoupledwiththedisruptionoflacalconditions
such as nutrient supply. biologic activity. arid water circula-
tion.      Arroxic  bottom-water  conditions  or  high  organic
productivity were common to areas on continental shelves
during  Quntemary  flooding  events.  e.g..  accumulation  of
sapropels in the Black Sea as described by Calvert et al.
(1987).Limitedperiodsofanoxicorhighorganicproductiv-
ity have led to significant accumuhtious of organic matter.

TABLE  W3JENERAuZED  SUCCESSION  0F  QU^TEEN^Ry
coAIT^L.  sBD"ENT  ^a=uMul^HON  (Evans,   1979).

I  ncr eas I ng
time

a)     llooding    unit

b)    condensed   section    (glauconite,
phosphorite,    carbonate   debris
flooding    unit)

c)    shal  lowing-upward   coastal    deposits

d)   widespread   subaerial    exposure   -
hiatus
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FIGURE  W-2+) RATE oF sErmfENT^now vs.  coNs'"ier oF sB"ENT^nou FOR  v^Rrous  DErosmon^L ENvrmiMFNTs  (from Sch-
indel,  1980): b) REi^noNslD op sBDovERT^non RA" ^Nt> coNST^Ner oF sEDmENIAnon ro sBDmINr ^cx"ut^now  (di-
ngoml  lines;  from  SchindeL  1980);  c)  Ccho^Rlson oF sEI>IMENT ^cHnou^non  RATEs  of Holoccnc cafoonatc  deposits
conipand to Holcecnc sc&-level chmgc md scdimcnt-acoumulariorL rates estimated front various cchome platforms (from
Sdinger, 1981).

The  fonvard computer model  developed here to
simulatecoastalsedimentationunderglacialcusfaticcontrol
is based on prcoess and sediment response.    A key input
parameter is sedinent-accumulation rate for a depositional
sequence.  Schindel (1980) noted that rates of sedimentation
and constancy of sedimentation in various depositional set-
tings are wide ranging (figs. W-2 a and b).  IIis results were
based on an extensive inventory of data from the literatue
from which rates and duration could be estimated.

Sediment-accumulation rates of stratigraphic units
represent the product of short-ten sedimentation rate and
constancyofsedimentation(fig.W-2c).Sedimentationrates
can be very great in examples such as the Mississippi River
delta~  However, rapid rates of change in sea level modulate
even this very competent shiciclastic depositional system so
that accumulation rates are actually highly variable in time.

Rapidlyrisingsealevelattheendofthepleistocene
led to widespread drowning of carbonate platfoms as de-
scribed by Hallcek and Schhger (1986) and other workers.
Theretardationinsedinent-acoumufationratesanddevelop-
ment of a condensed section is thought to be due. in part, to
nutrient excess developed dLring the rapid rise of sea level
As a result, while nonnal carbonate sedimentation such as
reefs and colites have the potential of accumulating at rates
of meters  to  10.s  of metersAca  under  stable  or  uniform
conditions,theaverageaccumulationratesinQuatemaryse-
qtJences are about an order of magnitude less than this.

The algorithm used to calculate a retardation factor
is theoretically based on several parameters relathg (o sedi-
menttype.shelfsetting,andlocalenvironmentalconditions.
At this time only arbitrary factors are used to examine the
interachon and sensitivity of this factor in generation of se-
quenes.

Coastalrdepositional  sequences  generated  in  the
Pacific during the Quaternary, including the Great Barrier
Reef, are described in a concepaial model by Carter ct al.
(1986; fig. W-3).  Geologic constraints which existed in de-

veloping the twordimensional conceptual model including
gradual subsidence.  At least under the constraints of these
particular stable  shelf settings.  the  resultan( depositional
sequences were obviously controlled by cycles of rapidly
rising sea level and slower fall.

As Carter et al. (1986) indicate, both rises and falls
are staggered  with numerous  stillstands.   Ifiatal  surfaces
develop over mush of the shelf. both during low-stand and
early high-stand conditions.  Most of the sediment accumu-
lation occ`us during high-stand conditions when sedinent-
accommodalion potential is greatest   Sedinent progrades
fromtheshorelinetowardthebasinmargins.hmcneisohted
offchcne and oLiter shelves, rapidly rising sea level may limit
sedinentation altogether leading to long-term dro`ming of
thesearcas,e.g.,manycontinentalshelvesaroundtheworld
today are still receiving little or no sedimentation in water
depths in excess of 50 in (165 ft).

Abhottetal.(1989)describeinmoredetailavertical
profile  of several  Pleistocene  cyclothems  [sic]  in  North
Island, New Zealand. strongly modulated by rapid rise and
slower fan in sea level (fig. W4).  Early Pleistocene slope
and basin successions associated with symmedic sea-level
fluct]Iation are characterized by rapid transgressional sur-
faces (flooding) fonowed by high-stand siltstone accumuh-
tion.    Low-stand  sandstone  and  carbomte  strata  rest  in
gradational  contact  upon  the  low-stand  sntstones.    Late
Pleistocene strata characterized by more asymmetrical and
greater magnitude in sca-level change result in thin flooding
deposits and accumulation of a condensed interval during
high stand.  However, erosion is noted at the top of the high-
stand  facies prior to  deposition of the low-stand deposit
Abbott et al. (1989) interpreted this erosion as due to a more
rapid fall in sea level or that the shallow-water shelf under-
went erosion prior to deposition during low stand.  Ensuing
lag time is also suggested between high-stand and low-stand
deposition, at least in some situations. This win be the object
of further discussion during the field trip.
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•rapid  progradation  on  Elattcr  shcl£

•8encrtll]y  good  preservation,

•erosion  only  locally  significant

CARTER, CARTER, AND JOENSON (1986)

FIGURE  W-3+oNCEp'Iu^L MODEL  oF colrsT^L, sEDlreRT^non  IN  Trm  P^cmc  ^ssoa^TED  v\/ml  Tro  Qu^IERN^RT  iIARINE  INUN-
D^ncNS.   Rapid rise md gmdml fall in sea levd resul( in thin flooding units and thicker prograding high-stand sediment
packages.  I.ow stmd results in local erosion and chamcling on shelf.

SedimentationduringtheQuatemaryontheMissis-
sippi River deha also was modulated by glacioeustasy.  The
delta is developed along the southern margin of the Unioed
States,consisdngofpunctuateddepositionalsequencescom-
partmentalized by both condensed and subaerial hiatal sur-
faces.  A conceptual depositional-sequence model based on
cores was interpreted by Frazier (1974).  Sequence bounda-
ries were dated using C-14 ages of peat of older underlying
sequences and mouusks that were indigenous to the trans-
gressive  or  flooding  facies  tract consisting  of bay,  inner
neritic. and surf-zone environments.

A  depositional-sequence  model prepared  for the
Holacene SL Bemard delta complex by I,outit et al. (1988)
based on Frazier.s (1974) study is shown in fig. W-5.  The
entire depositional sequence was deposited during the last
6.000 years under waning stages of sea-level rise following
the last gfaciaLion.   This sedinent wedge accumulated pri-
marily during the eristing sea-level high stand as indicated
from the depositional-facies disribution sho\m in the lower
cross section.   An average sediment-accumulation rate for
this delta lobe is I I in (36 ft)Aca. a very large number. During
this time the sediment wedge prograded basinward at a rate
of approximately 20 lm (12 mi)/ka.   Obviously. other se{-
tingshaveundergoneconsiderablylesssedimentationduring

thesamesea-levelchangedependingondepositionalsystem
and shelf configuntion.

Application of Pleistocene analogue to
the late Paleozoic ice age

Field evidence for major late Paleozoic continental
ghaciation on porious of Gondwanaland has been acquired
over the last several decades by workers such as Crowell and
Flakes (1975).   Geologic conditions during which this an-
cien( ice age existed appear to have been very similar ro the
late Cenozoic.  Firstorder sea level was falling during both
periods exposing large areas of the continents.  This estab-
lished conditions suited for accumuhtion of continental ice.
Climate also becane ccoler as sea level fen promothg ice
buildup.   Also Gondwanaland drifted over the south pole,
providing an ideal site for ice buildup during the late Paleo-
zoic.

The  frequency  or  duration  of these  depositional
sequeTices is another parameter that is needed for the com-
puter model.   Heckel (1985) proposed a rehtive sea-level
curve for the Missourian that he atthbuted to glaciceustasy.



FIG URE  W+L^TB  PljBrsTocENE-^oE  cvcronzENIc  SUCCES -
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(from Abbott et al. 1989).
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TTlc maximum dunrion of each depositional sequence was
estimated by Heckel as 4cO,000 years.   Ttie magnitude of
eustatic change was esdmated t)y Heekel as loo in (330 ft).

Regional  studies  of Missourian  strata have  been
conducted  in  the subsurface of Kansas providing a three-
dimensionalviewofthedisthbutionofdepositionalfaciesof
these sequences.  Fig. 18 from introduction to the guidebook
illustrates  hthofacies  and paleogeography  for the area  in
Kansas  under  consideration  (Rascce  and  Adler,  1983).
nepositional sequences developed in western Kansas were
previously described in the introduction to the field trip (see
p.  ).  A chart describing the parameters used in sedinen(ary
modeling of the Missourian deposidonal sequences in Kan-
sas is provided in fig. WL6.

Western Kansas modeling

Theobjectiveoftheforwardcomputermodelwasto
incorporate  processes  and  mechanisms  as  parameters  to
simulate  the  development of Missourian  depositional  se-
quences  on  the  midcontinent shelf.   The  model produces

SEQUENCE     :                            SEOuEIJCE    2

edimen- subsi- Sea 'eve'
la'ion dence jse fall

tI  delta,

•  shoal complex

g'ac,a-
eus' a'ict g,acio-eus'a

Subti,(proxi
' dalinal)

!   ,ida,  ,'at (Pleistocene)
', (distalI)  ?  basinI

I  upperII?
I  shell

_  ba(hy al

FIGURE  WhR^NGEs  IN  sED"ENT  ^ccuMUL^i[oN  R^ms  AND
SUBSIDENCE   USED   IN   MODELING   PENNSYLV^NI^N   CY-

aorm2Ms cornpared (o rates of change in sea-level rise
and fall from Quaternary analogue.

SEollENCE    3                                                           SEOuENCE    i

26k.           270k.            39k.               32.I.                             214k.                    2S7k.                          107k.

Upper   shelf    (-20,    0.2,    -0.C)5)

1000 1500

]nltlal   S.dii.ontRaco  -     a.ZOO
FIGURE  W-7cONE-D"ENsloN^L  coMpuTER  s"uunoN  (FORw^RD  MODEL)  oF  MlssouRI^N  DEPosmoN^I.  SEQUENCE  I.oC^meD  ^T

UPPER roRT[ow oF WEsmRN KANsrs sHEu=.  Process-response model runs from parameters that include initial sediment-surface
elevation, sediment-accumulation rate, subsidence history. and sea-level history.  Resultant sediment columns shown in depth
and time for four sequences of marine inundation.  Sea level remains same between other two models a[ differen( shelf positions,
Sediment-surface elevation. sediment-accumulation rate, and subsidence v any across the shelf.

Generated sediment colunris sho`m in depth (vertical) and time Oiorizontal).  Columns include flooding unit q's), con-
dcnsedsection(c),shallowing-upwardsubtidalcarbonatcstrata(brickpattern).andshallow-watercarbonalesedimen(deposited
in less than 3 in (10 ft) of water (dotted).  Wavy lines indicate subaerial{xposure surfaces.

Minor oscillations in sea level may result in parasequence dcvclopment, if magrinde is great enough and water depth
shallow enough to create distinctive change in lithofacies.



elevations of various datum surfaces through time.  TT]e re-
sulting  wa(er  depths,  for  example,  can  be  translated  into
expected depositional facies.

The modeling is designed to be interactive so that it
can  be  used  iteratively  to  produce an  optimum  solution.
Presently,resultsareonlyanapproximation.asistheconcep-
tual model.  The modeling procedure provides means to test
scenarios and to refine geologic intelpretation.

Three models are shown in succession, the first one
for the xppcr she//(fig. W-7). then a mu.d-Sheorlocation (fig.
WLng), and finally a /owcr-She// margin location (fig. W-9).
The reference elevation is an arbitrary maximum highstand
in sea level in meters. The initial sediment-surface elevation
is assigned more negative values across the shelf according
to the arguments presented corner.  The sea-level curve is a
modified version of the delro18 of the Pleistocene.   The
period of each  major rise  and  fall  of sca level  has  been
expanded from look to 400k years.  The amplitude sull re-
mains at 110 in (363 ft).

The  subsidence curve  originates  from  the initial
sediment surface of each sea-level cycle.   The sedimen(-
surface elevation is controued by an initial sediment-accu-
mulationTateforthesecafoonate-dominatedsequences.The
rateismodifiedaccordingtoaretardationfactorderivedfrom
an algorithm dependent upon rate of rise in sea level and an
acceleration factor when the water depth gets less (han 5 in
(17 ft).  When water depths become greater than 50 in (165
ft), the accumulation rate is assigned 0.01 in (0.03 ft)/ka.  If
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the euphoric zone is estimated to be 20 in (66 ft), i[ would bc
more  appropriate  to  iise  that  value  for  reduced  sediment
accumulation.

The difference between the sea-level curve and the
sediment surface is water depth.  This water depth is essen-
tiauy  accommodation  space  for additional  sediment pro-
vided by both subsidence and sea-level flucn]ation.

The sedimentary columns shown here are simply
dra`rm to depict the nanire of sediment type according to the
water  depth  in  this  carbomate  setting.    Transgressive  or
flooding units, condensed sections, and shallow-water de-
posits are specifically identified. The verical columns are in
depth(meters)andthehorizontalonesatthetopoftheplo[are
in time.

The upper-shelf setting is defined by high initial
sediment elevation and slow average subsidence.  The four
depositional  sequences  shown  are  relatively  thin  due  (o
nmiteddiirationofmarineinundationandprolongedsuhaerial
exposure.  Initial sediment surface elevation decunes for the
first three cycles.   Subsidence continues to lower the sedi-
ment surface elevation during episodes of subaerial hiatus.
This could be easily modified to add subaerial deposition or
erosion.  The complicated sea-level curves Of cycles 3 and 4
result in several flooding and shallowing-upward packages
with limited subaerial exposure between them. Thicknesses
and facies are comparable to those observed in Missourian
sequences in western Kansas.

Mid   Shelf    (-50,    0.3,    -0.1)

Inlclol   S.dJ.entRate   -     0.300

FIGURE  WngloMpuTER  s"uLATloN  oF  MissouR|AV  DEposmoN^L  SBQUENCB  FRow  rinD-posmoN  oN  wESTeRN  K-\NSAs  SHELF.
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The model for the middle shelf illusLraLes the same
four sea-level cycles (fig. WLnl).   However, the initial sedi-
ment-surface elevation  is  lower and the average sedimen(
accumulation and subsidence rates are greater.   Increased
accommodation space over longer periods of Lime results in
greater thicknesses.   The lower shelf intercepts additional
sea-level events not found higher on  the shelf.   The con-
densed sections in this sinulation are generated both during
therapidlyrisingsealevelsandwhenwaterdepthreaches50
in (165  ft) or more.   Listed below each verical-sedinent
column are the numbers of flooding events, condensed sec-
tions, and subaerial surfaces generated in the simulation.

Initial  shelf  elevation  at  the  beginning  of each
sequence continues ro fan as a reflection of the inability of
sediment to ffll all of (he space created by subsidence.

The  lower shelf model  (fig. W-9) again has  the
same sea-level signaaire, but reflects increased sedimen(-
accumuhtion rates and subsidence vat-ues, the latter corre-
sponding to the estimates of RIuth ( 1986). I.ower elevations
on  the shelf intercep( additional pordons of the sea-level
cLirve and accordingly compricate the sedimen(ary response
with multiple flooding, condensed sections, and subaerial-
exposure events.

Subsidenceinthelower-shelfsimulationissubstan-
tial and even though sediment accumulation has increased.
the sediment pile has no( kept pace because of interruptions
in sedimentation rate while subaqueous and subaerial hiatal

SEQUENCE    I                                  SEollENCE   2

surfaces developed.   The increase in absolute time and the
proportion of lime occupied by condensed sections becomes
signiricanL  on  the  lower  shelf.     In  contrast.  duration  of
subaerialexposLuehasdiminishedrehrivetotheuppershelf,
as interpreted from the geologic record.

Finally,  because  of substantial  loss  in  sediment-
sLirface  elevation  by  the  beginning  of cycle  4,  sedinent
starvation results.  Unless the subsidence rate diminishes or
significant lateral progradation of the margin occurs with
greatly increased accumulation rates, this lower shelf posi-
tion becomes part of the deep Anadarko basin. Accordingly,
the  carboTLate-shelf margin  would  backstep  to  a  location
nothward or  landward from this modeled site.  Halving the
subsidence  races  would  eliminate  these  sediment-starved
conditions in the fourth sequence.

ThePennsylvanianshelfmarginsalongtheperime-
ter  of  the  Anadarko  basin  have  advanced  and  retreated
several times.  Punctuated sea-level variation coupled with
episodes of tectonic subsidence probably have resulted in
producing abrupt migrations of the shelf margin.

Results  of  the  one-dimensional  simulations  can
include a Wheeler diagram of time versus distance for the
four sequences modeled (fig. W-10).

In addition, sequences can be presented in depth
cross sections that integrate the model results at different
shelf locations developed at a par(icular time.   The cross
section in fig. W-11  uses a datum on the elevation of the

aEouENCE   3                                               sEouENCE   .

25ek, 2®lt.                                               ®17k.                          137k.

Lower   Shelf.    (-70,    0.35.    -0.2)

Inlt.1al   S.dl.nt,F{cria  -    0. 350

FIGURE  W-9|oMpuTER  s"ui^TloN  oF  Missounun  DEposrTloN^L  SEQUENCE  FRow   roll/ER  poR"oN  oF  WESTERN  K^Ns^s  silELF.
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sETIINos.  Timc-stratigraphic cal`mns delved from model results inustraied in figs. W-7, WL€, and W-9.

Cross  section   of
Soquenco   #1  From  Computer  Model

low.r  shelf                                  Mld  stlctf                                                           upper  shctl

shallow  water

(loading   unit

b®'Ow
wave  base

cond®nsod   s.

flooding  unit

FIGURE W-llDEPTh-DlsT^})cE cRQss sBa[]oN F]oR sEQUENce #1 based on outpu( from simulation results for upper. middle. and lower
shelf locations at the time succeeding marine inundation begins.
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upper sediment surface at the initiation of the succeeding de-
positional sequence for three positions on the shelf.

Eastern Kansas modeling

The present woricing scenario indicates no subsi-
dence diiring accumulation  of the pre-Lennis  Missourian
sequencesinsoutheastemKansas(seeinterpretivesequence
cross sections in figs. 47-52 in introduction to guidebook).
Accordingly,  all  shelf-sediment  accommodation  space  is
provided by sea-level inundation and varying stable-shelf
elevation.Atleast50m(165ft)ofchangeisnotedacrossthe
slope of the Pleasanton delta.  For modeling, a lower shelf
elevation of -70 in (-23 1 ft) comparable to the lower shelf in
western Kansas and a basin elevation of -100 in (-330 ft)
appear to be reasomble estimates.  Observed thicknesses of
depositional sequences that accumulated in a basinal seting
are less than 5 in (17 ft).  No subaerial exposure is indicated
at these lower elevations.  Water depth was also sufficient to
effectively  shut  down  carborrate  accumulation  while  the
basin  setting  was distal  from  a  source  to eliminate  most
sinciclastic influx.  Initial modeting results using sediment-
starved conditions developed below 50 in (165 ft) and the
salne sea-level range of 160 in (528 ft) as used in western
Kansas resulted in thick sedimentary deposits in a basinal
setting at a shelf elevation of  loo in (330 ft).   Changivg
sedinent-stal`red water depth to 20 in (66 ft) led to rimited
sedimentaceumillationasobserved(fig.W-12).Eventually,

sedimen(thiclcnessisgreaLenoughLowherelongerperiodsof
shallow-water sedimen( accumulation occuned.  Faster and
longersedimentaccumulationwouldrestorethesitetoashelf
setting withou( changes in subsidence or lack thereof.

Irocal water clarity or nuchent supply could have
substantiauy  lowered  carbonate productivity  and  led  to a
decreased  euphoric  zone,  a  parameter  that  needs  further
investigalon  (vis-a-vis  IIauack  and  Schlager,  1986).    If
water depths dropped to less than 20 in (66 ft). then normal
carbonate accumulation could occur in what was previously
sediment-starved,basinalconditions.Forexample,theMound
Valley himestone. an upper pansequence of the Swope se-
quence. was  deposited in  a lower shelf and basin-margin
setting.Thebasinhadbecomepartiallyfilledbyalow-stand
elastic wedge of Irddore Shale, reducing  the water depth.
Cari>onate  accumuhtion  accuned  during  initial  flooding
associated with this  parasequenee when  siliciclastic  sedi-
mentation was reduced.

Cia the lower shelf, carbormte smta accumulate to
fill available accommodation  space provided by  sea-level
inundationwhenwaterdepthsbecomesufricientlyshallowto
pemit carbonate production.  If no subsidence cx}curs, sedi-
mentationdLringtheyoungersequencesevenaiallybeeomes
increasingly more hmited in duration and increasingly shal-
lower as sediment-surface elevation increases (fig. W-13).
The model shows peaks of inundation followed by consider-
able episodes of subaerial exposure.  However. by the begin-
ningoftheDennissequence,theshelfmanginandassaciated

Basin     (-100.,     0.2,     -0.C)01.     20m)

600                                             loco

Inlclal   SedmentRato   -0.loo

FIGURE W-12|OMP`rrER s"ui^"oN oF a,rsIN sETrING IN soul.m^sTEEN KANSAs.  No subsidence. euphoric limit set at 20 in (66 ft;
no Substantial carbonate accumulation). initial sediment-surface elevation set equal to -loo rn (-330 ft).



margjr)<arbonate bujldup appears to have backstepped on
the shelf in southern Kansas (fig. 52).  Rather than a simple,
thin  shadow-  water carbonate  deposit for  the  Dennis  se-
quence, the associated sedimentary record is complicated by
numerous,disdnctiveparasequences(seediscussioninstops
6 and 7).  S tructural flexing and accelerated subsidence may
have created this backstepping episode.

The fourth sequence shown in the model of fig.
W-13 developed in asscoiation with renewed subsidence.
Rather  than  a  single  episode  of sedimen(  accumulation,
multipleepisodes®arasequences)ofsedimentaccumulation
are developed as sea level and subsidence both track down-
ward  at similar and realistic  rates.   The elevation  of the
sedinentsurfacethencloselyfouowsatrendofsmallerscale
rises and falls in sea-level elevation, encounring parase-
quence develapmenl

Summary

Modeling  provides  the  opportunity  (o  examine
various  scenarios.    FLirther information  can  constrain  the
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parameters to develop a unique solution. Once model results
become  sufficiently  sophisticated,  inferences  made  from
available subsurface data can derine locations of potential
sites of favorable reservoir developmenl

Themodelingillustratedhereistheinihalattemptin
quantitative  process-reaponse  simulation  of  Missourian
cyclothemic  strata    Glacialcustatic  fluc(untions  tailored
from Pleistocene events appear to be appropriate for gener-
ating  Palcozoic  cyclothemic  strata  in  the  midcontinenL
However.mcnesophisticatedinversionproceduresareneeded
to convert rock observations (including geophysical data) to
process as a function of time for medeling.   Time-series
variation  of pracess  interpretations  from  site to site over
considerable distances should provide means to distinguish
coheren( signals with regional and local significance such as
eustasy,  tcctonism,  and  autogenic  processes.    Cince  this
thresholdofoperationisrcached,thepo(entialforprediction
of depositional sequences may be realized.  This approach
should be applicable to other age strata.  The Pennsylvanian
of the midcontinent is simply well suited Lo this approach.

300                                    BOO                                                   1000                                                               1500

Inltlal   Sadmer`tfiat,a  -     0.ZOO

FIGURE W-13+OMPumeR s"uL^T]oN oF rowER sHEiF SBTTING IN soLJlrm^smRN K^Ns^s.   No subsidence for first three sequences
and moderate subsidence invoked during dcvelopmcnt of fourth sequence.   Euphoric limiL scl again at 20 in (66 ft).  Gain in
sediment-surface elevation until fourth sequence when subsidence begins.
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Road Log
October 14-15,1989

Itinerary

TABLE I-FmJ)-iRIp rrINn^RT

DAY 1  Saturday, a:tober 14, 1989

Levence

1.            Edgerton

2.            Deso to

3.            Houiday Drive

4.          143 5^-70

5.          Houiday mve
South

6.            Gregory Road

7.            Raytown

leave:  8:00 a.in.
(20 min.)

Arrive:   8:20 (SE SE SE see. 2. T.  13 S.. R. 21 E.)
Johnson County

have:   9:00
(15 min.)

Arive:  9: 15 QJE NE SW sec. 6. T.13 S., R. 22 E.)
Johnson County

have:   10:15
(20 min.)

Arrive:  10:35 ova NE sec. 6, T. 12 S., R. 24 E.)
Johnson County

leave:   11:35
(15 min.)

Arrive:  11:50 (NE SW sec.13, T.11 S., R. 23 E.)
Wyandotte County

Lcave:   12:50
(10 min.)

Lunch  40 min.
Arive:   1:00
have:    1:40
(15 min.)

Arivc:   1:55 (c scc. 6, T. i2 s., R. 24 E.)
Johnson County

have:   2:20
(30 min.)

Arrive:  2:sO         (NE NE SE sec.12, T. 48 N., R. 33 W.)
Lcave:    3:20

(10 min.)

Arive:  3:30 (SW SW NW sec. 6, T. 48 N. T. 32 W.)
Jackson County. MO

Leave:  4:30

Return Ifwrence at 5:30 to 6:00 p.in.
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DAY 2    Sunday, Cktober 15,1989

lawrence

8.             Farlinville N.

9.          Xenia ow

have:   7:co a.in.
52 miles

Arrive:  8:20 (E¢ SW sec. 34, T. 20 S.. R. 23 E. )
Linn County

Leave:   9:20
(30 min.)

Arrive:  9:50 (C Srfu SW sec. 23, T. 23 S., R. 22 E.)
Bouhon County

leave:   10:10
(10 min.)

10.           Drive by xenia NE (10A). Mapleton NW (10B). Turkey creek East (10C)

11.           Uniontorm

Lunch w/travel
(45 ndn.)

12.           Ogeese East

13.            Big rml

Field trip ends 3:cO p.in.

Arrive:  11:05 (C N¢ see. 34, T. 25 S., R. 22 E.)
Bourbon County

have:  12:15

Arrive:   1:00 (S2 S2 SE see. 7. T. 29 S.. R. 20 E.)
Neosho Coon.y

have:    1:20
(40 win.)

Arrive:  2:00 Q`]W NW SW see. 7. T. 32 S., R.  18 E.)
Lebette County
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Stop 1  Edgerton Road:  Vnas Shale and Stanton Limestone,
(Captain Creek Limestone, Eudora Shale, Stoner Limestone)

Irocation: SE SE SE sec. 2, T.13 S., R. 21 E., Johnson County, Kansas

Arrive: 8:20 AM
Leave:  9:co i"

(15 minutes ro Stop 2)

Conhibutors..  Lyre Walnz)I. John French, and Even Franseen

htroduction

Stop 1 is located 12 mi (19 lcm) east of lrawrenee at
the  Edgerton  Road  exit  off Highway  10  (fig.  1-1).    The
lansing Group, here represented by the Stanton Limestone.
is composed  of cycncal  fnired{ari>orLate  and  siliciclastic
deposits in eastern Kansas.  The smtal succession seen here
is a typical example of a Kansas cyclothem presemed by
Heckel ( 1977). A Kansas cyclothcm contains four lithologic
components;  in ascending  order these are the middle (or
transgressive) linestone, the core (offshore) shale. the upper
(or regressive) linestone, and the outside shale.  This classi-
rication was previously discussed in the htroduction in the
section on cyclothem concepts and inustrated in fig. 21.

A complete Kansas cyclothem represents a major
marine inundation in a shelf setting.  Cari>onaterdominated
cyclothems of equivalen( age in other areas of the world arc
similarly developed. e.g. on the Russian pLatfofin and in the
Paradox basin.  Glacial eustasy is strongly supported as the
cause of these rehtively chort-term (250 to 4cO ka) but high-
amptidde ®erhaps 300+/- ft. 90+/- in) fluctuarious in sea
level.   Evidence for custatic change includes the alihity to
conehte individLial marine inundations among basins and
continents a`oss and Ross,  1987; Boardman and Hcckel.
1989).  Subsequent sea-level fans have been dacumented to
extend in most cases to the shelf margin in the midcontinent
Qleckel. 1980, 1986: Waney. 1984).

The Pleistcocne analogue to laic Paleozoic glacial
eustasy suggests considerable variabnity in the shape of the

eustaticcurvefromoneinundationroanother(alsodiscussed
in the Introduction).   Pleistocene sea-level changes varied
from symmetric to asymmeric and. in terms of other mecha-
nisms of sea-level change, were potentially very rapid (2 to
10 in/ka [7-33 ft/ka]).  Sea-level falls varied from uniforTn [o
very erratic.

Althoughthetypicalcyclothemiclithologicsucces-
sion discussed above occurs repeatedly in Mssourian strata
inthemidcontinent.insomecyclesorinsomeshelfpositions
additional linestones and shales may cx:cur. or some units
may be missing. This variabili(y makes modifications to this
four{omponent format necessary.

An altendve methodology that we are using to
deschbe these shelfwide marine inundations and withdraw-
als is sequence strarigraphy.   Sequence-stratigraphic prin-
ciples center on the recognition of temporally disinct stratal
units  and  stratal  gcomeries  that are  related  ro  cycles  of
relalve base-level change.   It is almost universally agreed
thatsuchcycleswerethemajorcauseofmidcontinentcyclic
succession

The procedures  and  nomenclature  related  to  se-
quence stratigraphy are described in section V and appendix
A of the Introduction. The measured sections of the stops are
annotated with stratigraphic units (e.g., paleosols and con-
densed sections) and surfaces  (such  as  flooding  sLirfaces,
erosion surfaces, and sequence boundaries) that are essential
ro sequence-stratigraphic amlysis (fig. 1 -2).

Stratigraphy at Stop 1

At all stops the exposed irlicrval will be described from base to top.

The  Vi./as She/c is an outside shale  the( caps the
underlying Plattsburg cyclothem.   The Vilas Shale is weu
exposedtooureastatthesoutheastcornerofthisintersection
and is included in the measured section (fig. 1 -3).  It is a silly
gray  shale  that contains  lenses  and  beds  Of rme-grained.
rippled and in places cross-stratified quartz sandstone.  Bra-
chiopeds, chnoids, and trace fossils are present in the sand-
stones, especially al the top of the Vilas Shale immediately

below the overl)ting Captain Creek Limestone. No evidence
of subaerial exposure is present in this exposure of the Vilas.
making the placement of the sequence boundary problem-
atic.   The top of the  underlying  regressive carbonate  unit
underwen(  subaerial  expasule  north  of  this  location  but
amarentJy did no( this far south. The turnaround from falling
to rising relative sea level probably occurred al some point
during deposition of the Vilas.
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Outside shales of the upper Kansas City and Ion-

sing groups are of variable thiclcncss but generally consist of
several meters of shallow-marine shelf and deltaic siriciclas-
tics.

The Cqp/afn  Crcck i;.mc5tonc ovedies the Vilas
ShaleandisthelowermemberofthestantonLimesrone.The
Captain Creek Limestone is the middle (transgressive) lime-
stone of the Stanton cyclothem and the flooding unit of the
Stantonsequence.Theunitismuchthickerthanothermiddle
linestones in this shelf setting.  It represents the initiation of
carborate sedimentation during inferred eListatic rise.  Initial
marine  flcoding  begins  in  the  upper  Vilas  Shale  and  is
marked by a fossniferous horizon at the rep of the unit.  The
recognitionandconelationoftheinitialfloodingsLirfacebe-
comes rehtively subtle when this surface diverges from the
marine-flooding unit.

The Captain Cfeck Limestone is predominately a
norTnal-marine phyuoid-algal wackestone.  Its homogeneity
is also indicated by the gamma-ray profile.  The uni( thins
markedly and   contains mud-pebble conglomerates a few
miles east of this locality.   Farther east of this anomalous
setting the Captain Creek Limestone is again the more resis-
tant lirhestone ledge that is so prominently exposed along
K-10.

This  unit  contains  numerous  shale  partings  and
microstylolites. which are more ty|7ical of regressive nine-
stones  than  transgressive  limestones  such  as  the Captain
Creek. Thee are no apparent facies changes across most of
these panings. and evidence of dissolution along them indi-
cates that they most likely represent nonsut]ired seam solu-
tion analogous to that deschbed by Wanless (1979).  Some
seams in cellain regressive units have been traced for 10's of
kilometers; a depositional signal probably exists for such
continuous sears.

The Eudora Shale a( this location is a typical core
shale (of the Stanton cyclothem) that contains a platy. black,
phosphatic facies.  This unit is continuous over a wide area
andisclassifiedinsequence-stratigraphicnomenelanneasa
condensed section that origimeed during maximufn rate of
eustatic rise and/or in the dcapest water associated with the
Stanton sequcficc.  The black facies glades between Stags 1

and 2 ro soft-gray shale containing abundam benthic faLina.
East of Stop 2 the shale is very similar to that a( Stop I (fig.
14).   The bhck shale is associated with elevated gamma
radiation. Although the gamma radiation is higher than in the
gray  shale,  the  magnitude  is  considerably  less  than  the
Hushpuclmey  and  Static  shales  seen  later a(  Stop  7.  The
radiation is primarily atributed to uranium content (see fig.
34 from the introduction) that is in tim related to the amount
of organic matter and phosphate content (Coveney et al., t.A
Franseen and Wamey, 1989).

A mininum of 4% total organic carbon is needed to
make  a  shale  black  (J.  Hatch,  personal  communication,
1984).  Other fearLnes of the black- shale facies include an
abundance of conodonts usually at the exclusion of benthic
faiina. suggesting anoxic bottom waters. Conodonts are suf-
ficiendy abundant on bedding surfaces of the black shale to
bc seen with a hand lens. Phoaphate is present as nght brown
laminae or nodules.  Remains of fish and scattered woody-
plant material is also present

Dark-gray shale overlies and underlies the black-
shale facies aL this location.  This succession is typical for the
Eudora Shale and common for o(her black shales.   These
shales commonly exhibit a diverse and taj(onomically dis-
tinctive fauna that has been interpreted to represent dysoxic
environments Goardman e[ al.. 1984).

The Stoner fjmcszo" at this location is a (ypical
upper linestone of a Misso`rian cyclothctn.  It consists of
wavy-beddedskeletal4hylloid-algalwackestone.andwitha
host of other nonnal- marine organisms.  It is a shallowing-
upwardunitandincludescryp(icfenestralvoidsncarthetop;
abou( 10 mi (16 kin) to the northeast near Stop 3. the Stoner
himeseone is copped by an abraded skeletal graiustone.  The
S toner Limestone most likely represents carbonate aggrada-
tion during relative sea-level stilistand and fall.  There is no
apparent evidence for subaerial exposure here, although i(
has  been  nored  in  other  locations  on  the  northern  shelf
(Hcckel,  1989).  The Stoner is usually capped by the Rcek
hake Shale. which in places contains a molluskrdominated
faun and a thin coal.

Common macrofossns that occur in these strata are
included in figs.  I-5 and 1<
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Black shale

Pa'eosol

Erosional surface

S           Subaerial exposure

S.qu®nc.  Str&tlgraphy
>          Sequence boundary

•-+    Flooding surface

P--+    Parasequence flooding surface

C          Condensed section

FIGURE  l-2-LcoEND  wrm  M^7oR  u-"oicons.  suRF^cEs.  ^ND  SEQUENCE-s"T]aRAprmc  TERMs.
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FIGURE  1-5-{o"ai M^aorossns  oacunRn`io IN  UppeR PENSTL.v^m^N sn^T^ (from Moan.  1964).
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9,xo7,
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Pap'.he
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HGURE  1-6-oho4or  M^cRorossns  coc:unRINo  oN  UppER  PENNSTLv^NI^N  sm^T^  (from  Moorc.  1964).
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Stop 2  Desoto roadcut on south side of K-10 Highway, 5 mi (8 kin)
east of the Desoto exit: Wyandotte Limestone (Argentine Lime-
stone,  Island  Creek  Shale,  Farley  Limestone),  Bonner  Springs
Shale, Merriam Limestone, Hickory Creek Shale

location:  NE NE SW see. 6. T.13 S.. R. 22 E., Johnson County, Kansas

Arrive:   9:15 AM
Leave:   10:15 AM

(20-minute drive to next stop)

Co"hibutors..  Lym Watnjey. John French. and Even Franseen

htroduction

Stop 2 is located 8 mi (12.9 kin) east from Stop 1 on
mghway 10 (fig. 2-I).  A cross sectional view from east ro
northweslofthisoutcrop(figs.2-2and2-3,crosssectionand
index map) shows the relationships between the underlying
"I.are"Shale(whichisinquo(esduetoarecentlydiscovered

misconefation),  the  outside  shale  of the  underlying  Iota
cyclothem, and  the  two main members of the Wyandotte
Limestone.  the  Argentine  and  Farley  rimesrones.      The
Wyandone Limestone at this stop consists almost entirely of
phylloid-algal wackestone.  It represents a vertically slacked
series of broad algal banks. typical of platform bulldups that
developed across this area in response to the interplay be-
tween  sea-level  changes  and  the  undedying  dapositional
topography (Crowley, 1969).

The area ro the east of this outcrop, whcne both the
"Iane" and Wyandotte are thin, has been intelpeeed as a

palcotopographic low on the .'Ianc" deltaic pharfom. where
circulationwasplesumablyresricted(Crowley,1969:fig.2-
3). This outclap is located on an area of wyandotte bank de-
ve]opmen|onthenorthwestemsideoftheunderlying`The"
pfarfom (rig. 24).  The Wyandottc himestone bank rapidly
thickens  off  the  northwest  flank  of  the  elongate.  shale-
domiTLated `Ianc" delqL amining thiclmesses exceeding 80
ft  (24  in)  (figs.  24,  2-5.  and  26).    The  combirLation  of
i":reased accommodation and nomal-marine circulation ro

the northwest and the southeast is inferred (o have promoted
bank develapment in these directions.

Recent work by Arvidson  (1988) has established
that the "lane"  Shale  continues  to  thin  regionally  to  the
southwest (txisinward) from the Kansas City area.  h Miami
County.25mi(40km)soLithofthisstopthe"Lane"becomes
a mere shale seam that separates the lola from a very thin Ar-
gentine Limestone south of paola. Kansas.  This reflects the
southern terminus of the delta phtfom.  The phyLloid-algal
mounds  of the Wyandotte Limestone occur a[ lower and
intemediate levels on the slopes of the lane delta.

The island Creck Shale separating the Farley and
Argenthe Limestones thickens southward and westward in
front of the "lane" deltaic phfform. foming another deltalc
Lnd[[hatthickeusinareaswheretheArgentineLimestoneand
"lane" Shale are both thin. The Farley Linesrones form lo-

calized banks over the broader Argemine buildups; part of
such a buildrp is visible at this stop.  The Farley Limestone
is continuous to the south over the thicker Island Creek Shale
androthenorthacrosstheuppershelf.TheFarleyLimestone
pinchesou((lapsout)insouthemlowal60mi(260km)north
of this site. lower on the shelf than other Missourian marine
inundations  (fig.  2-7;  Hcckel,  1986,  1989).    Cores  of the
Farley Limestone  loo mi  (160 kin) north in northwesrem
MissouricontaintwoseparatccarbonatebedsQIeckel.1985).

Stratigraphy

The measured section for Stop 2 is found in fig. 2-
8.ThestratigraphyofthewyandotteLimestoneiscousidera-
blymorecomplexthanthcStantonLimestoneseenatSrop1.
Haris  (1985)  previously  atthbuted  the  shale  beds  in  the
Farley Limestone to pulses of deltaic sedinentation.  New
evidence,includingbothsurfacesthatexhibi(erosionasweLl
as  shoal-water  lithologies  that  are  succeeded  by  marine
flooding,  suppons  rebtive  changes  in  base  level  as  the
primary cause of the altcrmting shale and limestone daposi-
tion rcprcsented here.

The W)mdo/ic Ll.ne5ione includes the thin basal
Frisbie Limestone Member which is a middle linestone of
the Wyandotte cyclcthe(n and a flooding unit of the Wyan-
doae  sequence  (fig.  3a).    This  unit  is  succeeded  by  the
Ordnd¢ro She/c, a low radioactive core shale  (condensed
section).  The Argcm.« ZJ.mcj/one is an upper limestone of
theKansascyclothemandisashallowing-upwardunitwithin
the deposidonal sequence.  The /s/and Crcck She/c and the
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far/eyfz.mcfroAccomprisetheuppermembersoftheWyan-
dotle  Limestone.    The  Farlcy  Limestone,  which  has  two
members  here.  is  either an  additional  limestone  within  a
Kansas  cyclothem.  or  a  separate  cyclothem  that  lacks  a
middle limestone and core shale.

Evidence at this exposure and in o(hers of the same
interval  indicates  that both units of the Farley Limestone
represent parasequences (which represent relatively minor
episodes of marine flooding) in the overall upward-shallow-
ing package of the Wyando[te sequence.  This is consistent
withthefactthattheFarleyLimestonehpsoutathighershelf
positions. indicative of less extensive inundation. Moreover.
there  is  no  condensed section  developed  in  this paclcage,
again suggesting that relatively moderate water depths were
arfuned

The base of the exposure at Stop 2 is within the
middle portion of the Argentine Linestone (fig. 2-8).  The
Argentine Limestone consists of a wavy-bedded phylloid-
algal wackesrone with abundant brachiopods and crinoids.
Wispy shale seams are common.

The  upper few  feet of the  Argentine  Limestone
contain gray moules.  The upper few centineters are silici-
fied. with scattered dark-red motlling.   The upper sLrface
rises some 7 ft (2.I in) to the west across the length of this
exposure.  In addition, sharp, inegular, cm-scale renef is ap-
parentonthissurfaceinmastphacesexamined.Unequivocal
evidence for subaerial exposure is not apparent at this sur-
face;rather,itmayrepresentahardgroundorfinngroLindthat
developed during reduced rates of sedinentation associated
with marine flooding.

Thelslandcreekshaleinclndesuprosit(\.5m)of
a basal  gray  siltstone and one  to  several beds of coarse-
grained encrinite overlain by gray fossinferous shale.   An
isolated occLLrrence of a chaetedid-like carbonate mass was
found in an encrinite bed on the nonh side of this exposure.
Theunitrestsonthefloodingsurfaceandwasdeposieedprior
to renewed accumulation of phyuoid algae.

Thegrayshaleandbasalencriniteboththinnoticea-
blywestwardontothehighersurfaceoftheArgentineLime-
stone.   The  shale pinches  out.  with  only  a  thin  byer of
enerinite  that  rests  directly  on  the  upper  s`irfacc  of  the
Argentine Linestone remaining.

TheencrinitelxpresentsafloodinguniLwithsubse-
quent deepening and deposition of clay below wave base.  A
similar encrinite cx:cue below a shale scpanting the Argen-
tine and the Farley limcsones on IIighway 69 near loLiis-
burg, Kansas. 25 mi (40 lm) to the south.

The Farley Limestone is composed of (wo cart)on-
ate units separated by a thin sflty to calcareous shale.  The
Farleyunitsarelithologicallyquirevariablelocally,although
both arc phylloid- algal wackcstones at this exposure.  The
unitsvaryfromskeletalnmcpackstoneandlimemudstoneto
crossbedded  coid  grainstone  to  the  nonheast in  Trorthem
Johnson and Wyandotle counties.   The basal lower Farley
Limestoneconsistsof20ft(6.1m)ofphylloid-algalcarbon-

ate exhibiting low gamma radiation. closely resembling the
Argentine Limestone.  There appears ro be very liule vari-
ation in facies here excep( for a basal argillaceous interval.
However, the lower Parley Linestone varies considerably
within  the west side of Johnson  and Wyandotte counties.
ranging in thickness from 8 ft (2.4 in) a[ Stop 3, 8.5 mi (13.7
kin) ncrfueas| ro 23 ft 0 in) of intersmtified linestone and
shale 7 mi ( 11 )in) north.  The intercalated shale and carbon-
ate facies of the Lower Farley could reflect the proximity ro
the active Island Creek delta as suggested by Harris (1985).

Theuppcr7ft(2.Im)ofthelowerFarleyLimesrone
is gray  and   mouled.   The  top  contains  isolated shadow
depressions rilled with a few centimeters of carbonate litho-
clastic  conglomerate  indicating  that submarine(?)  erosion
preceded deposition of the overlying siltstone of the middle
Faley shale.

The middle Farley shale is a thin (1 f| 0.3 in), but
continuous siltsrone along the length of the exposure.   It is
inLelpreeed as representing another flooding episode of an
uppemost parasequence of the Wyandotte sequence.

The tpper Far/cy ljmcsfoAc is the thinnest of the
three limestones.   It contains a lower bed of algal{oated
skeletal grains in a lime mud-supported matrix.  This bed is
succeeded by another phylloid- algal wackestone similar to
those strata below. The linestone is capped by lenses of bur-
rowed packstonc ro grainstone suggesting shallowing and
perhaps reduced sedimentation rate.  Although shoal-water
conditiousareroted,nosubaerialexposLneisindicatedalong
this surface.

TheoutsideshaleoftheWyandcttecyclothemisthe
Bomcr Sprz.ngr She/c.   It is also the uppermost unit in the
shallowing-upward Wyandotte sequence. Until recently, the
silty and sandy Bonner Springs Shale could be seen ro pinch
out in a quarry (now destroyed) on the other side of the south
face of this exposure (fig. 2-9A and a). Thinning can be seen
from east-torwest across the upper portion of the south face.
The cross section (fig. 2-2) indicates that the shale maintains
a uniform thiclmess locally. This pronounced thirming of the
Bonner Springs Shale is considered to have resulted from
local erosional mmcalon. based on  infortnation from  the
inihal invcstigatious of Enos and Herman (this volume. Stop
4)  and  wchc  of IIarris  (1985).    Stop  4  wnl  fcx=us  on  the
cofnplexnatureoftheBormerSpringsShaleandtheTia[ureof
processes that occurred during marine inundation related to
the overlying sequence.

Stop 5 will show a more ncrmal Bonner Springs
Shale with a paleosol developed ncar its upper surface.  The
subaerial even( is widespread. but as evidenced here, it is
lcoally eroded and not preserved.   Nevertheless, extensive
erosion and paleesol developmen( reflects termirration of the
Wyandocee sequcme.

Theovcrlvingfloodingunitassociatedwithanother
rrLajor marine inundation of the Plattsburg sequence is the
Merriam Lincstone.   This is also a middle (mnsgressive)
limestone of the Kansas cyclothem . The lower portion of the



Merriam Limestone consists of a skeletal wackestone Qlar-
ris,  1985). with a  I-ft (0.3-in)-thick bed of skeletal  wack-
esrone to packstone capping the unit

The  Hickory  Creek  Shale  ovethes  the  Meriam
Limestone.  It is the core shale of the Plattsburg Limestone
and the condensed section of the PfaasbLng sequence.   No
bhck, fissile facies ncR. elevated galnma-ray count is associ-
ated with the shale.  Sparse faunas are generally open mrine
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except in ropographic lows where the Banner Springs Shale
has apparently been eroded Gnos and Herman. this volume,
Stop  4).    The  lows  contain  dark-gray  shale  with  fauna
diagnosticoflow+)xygenconditionsooardmanetal.,1984).
The  variation  is  comparable  ro  the  Eudora  Shale  of  the
Stanton sequence.   Irocal changes in the Eudora Shale are
atributed ro pesitive topographic rehief where more rectonal
black fissne facies locally change ro dark-gray facies.
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C/owl®y.   1969

FIGURE  2-3-Lonnchi  oF pHTIloD-^LaALL. B^NIcs  IN The WT^NDcrrn L"EsroNE  IN nn  K^Ns.rs  Crry  ^RE^.    Irocarion of wells
used in cross section of fig. 2-2 shown on this map.

L..v"won Co
rwF.attTcO\

Contour   Interval   -   20   (oet

FIGURE 24LTHcx}iEss oF "l^NE.` Si+^u IN FEET.   Wells used in cross sccrion of fig. 2-2 arc sho`m.
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Contour   Interval   -   10   (eet

FIGURE  2-5.-.THlcKNEss  oF  ARGENTINE  L"EsroNE  MEreBFL  oF  Wy^NI)o'rrB  L"ESTONE.

Contour   Interval   -   20   feet Crowley.    1969

FIGURE  2-6LTH]c"Ess  op  Wy^Nm"  L"ESTONE  itunon  |s  coMrosED  oF  IRE  AROENTINE  AND  Two  F^R112y  L"ESTONEs.
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Stop 3 Roadcuts along 1435 near Holliday Road exit:  Section from
Chanute Shale to Stanton Limestone

Location:   (W¢ NE see. 6. T.  13 S., R. 22 E.)

iinve:  10:35 AM
have:   1l:35 AM

(15-minute drive to next stop)

Co"hibutors..  Lym Watncy. Johrl French, Philip Heckel. and Even Frarseen

htroduction

These outcrops in the vicinity of Stop 3 (identified
by the letters A, 8, C, and D in fig. 3-1). are some of the best
known continuous exposures of Missourian cycles.  Limited
timeprecludesourexaminingtheentiresequence.sowewin
concentrate on the interval from the Chanute Shale through
the basal Argentine Limestone (section "A" of fig. 3-1). Fig.
3-2  (a.  b.  c,  and  d)  is  a  composite  measured  section  as

prepared  by  Scott Jchnsgard,  1984.    Fig.  2-9  (C  and  D)
includes a photo of west-facing exposure at Stop 3.   The
Bonnerspringsshalepresentedinthismeasuredsection(fig.
3-2 c and d) will be the fcous of Stop 5.   The gamma-ray
profile and relative watendepth cunre are included in fig. 3-
3 (a and b). A gamma ray-neutron log from a nearby well has
been correlated to the nthologies of this exposure (fig. 34).

Stratigraphy

The CAanurc She/c is a typical outside shale that
records the influx of deltaic clastics.  Approximately 40 mi
(64 kin)  to  the south.  the Chanute is a thicker shale that
includes sandstones and coal.   This is not a homogeneous
shale unit. but contains significant variabirity exposed a[ this
stop.    Inegular carbonate  lithcx:lasts  in  a  maroon blocky
mudstone found near the top of the Chanute Shale suggest
both subachal exposure and erosion. The boLmdary between
the Iota sequence (above) and the Dewey sequence is placed
a[ this position.

The/ofo£!.mcsfoncisanotherexceuentexampleof
a typical Kansas cyclothem.  It represents one of the greatest
Missourian marine inundations of the midcontinenL The Ion
consists, in ascending order. of

The Pao/a fincsfone. which is a more typical thin
(1 ft. 0.3 in) transgressive linestone than is the Captain
Creek Limestone seen a[ Stop 1.  The Paola Limestone
is the marine-flooding unit of the Iota sequence.  It is a
skeletal calcilutite containing a divase biota and repre-
sents abrupt and shelfwide marine flooding.  It can be
traced in the outcrop from Oklahoma to Iowa and west-
ward in the subsurface to at least eastern Colorado some
400 mi (644 kin) to the wesl

The Afuncie Crcct She/c is the core shale of the Iola
Cyclothem  and  the  condensed  section  of the  Iola  se-
quence.  The black. phosphatic facies of this uni| 1.5 ft
(0.46m)thick.isinferredrorepresen(minimalsedimen(
influxduringaperiodoflowbcttom-wateroxygemtion
that cocured during rapid eustatic rise.  I( is one of only
fiveblack.phosphaticcoreshalesofMissourianagethat

extend ro the Iowa outcrop belt. which is located about
200 mi (322 kin) to the north aleckel. 1986).

The Raytown LI.nesfonc is the upper (regressive)
linesrone of the Iola cyclothem.   It is a  skeletal and
phylloid-algal wackestone that was deposited in quiet
water,  probably  below  storm-wave  base.    The  thin,
lenticularpackstoneatthetopmaybeastomdeposi|or
mayrecordthepassageofwavebaseasrelativesealevel
fell  prior  to  deposition  of the  succeeding  unil    No
evidence for subaerial exposure is indicated here or a(
other  sites  in  the  Kansas  City  area  and  southward.
Besides the lack of subaerial exposure to the south, the
lolaandArgentineLimestonesconvergeinMiamicounty
25 mi (40 kin) to the south as the intervening "Iane"
Shale thins markedly.  Sea level fell ro an intemediate
shelfpositionbetwcenthelolaandwyandonesequences,
ratherthanbelowtheshelfmarginasocculTedwithother
majorepisodesofmarineinundation.Ensuingriseinsea
level  rock  place  somewhere  in  the  `1ane"  Shale,  its
precise location yet ro be found.  This timaround in sea
level is tentatively a sequence boundary. resembling a

(

Type 2 (see appendix A).
The 14nc She/e overlies the Iota Limestone.  The

"lane" Shale is a typical outside shale that resulted from a

northeasterly influr of siliciclastics. The terrigenous detritus
probably  resulted  from  progTadation  during  eustatic  still-
stand and fall. Falling sea level or stillstand conditions would
have  provided  time  for the  advance of these siljcicLasrics
across  the  shelf.    Nevertheless,  sediment-accommodation
space was sufficient for shallow-marine deltaic deposition.
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As was discussed at S(op 2, thickness of the "hone" Shale
varies from 43 ft ( 13 in) at this stop to over 70 ft (21 in) atx)ut
10 mi ( 16 kin) southeast of this outcrop ro a pinchout only 7
miles ( 1 1 kin) to the west of here. These lobale shale aceumu~
larions caused depositional topography conducive to forlna-
rion of the overlying phylloid-algal buildups in the Wyan-
dobe Limestone.

Thewyand?ffc4.mc$1oneoverriesthe"lane"Shale.
We  will  only  examine  the  basal  portion  a(  this  stop.    In
ascending order. the units within the Wyandctte Limestone
seen here ae

TheFrisbjcLfmesloneisthemnsgressive.ormiddle,
linestone of the Wyandotte cyclothem. This unit repre-
sents a rerional marine incursion (flooding unit of the
Wyando[tesequence)thatoversteppedthe"Irdne"delta.
Marine sedimentation extended beyond the Iowa out-
cropbeltsome200mi(320km)totheTrorth.A[thisstop,
nearthecenteroftheeastslope.theFrisbiecontainsone
excellentexampleofanumberofdiscretephylloid-algal
buildups.  Isolated phylloid-algal buildups are common
inareasofmoderatelythickacoumulationsoftheunder-
lying  ..hoe" Shale  (Arvidson. personal communica-
tion.  1989).  These I.mini" mounds are flanked by cri-
noidal  grainstones.    The  phyuoids  are  very  obvious
because they are unusually large.  A systematic study of
the Frisbie Limestone and the algal mounds  done by
George Coyle and Kevin Evans is being prepaLred for
publication.  They describe what they believe are algae
in growth position.  In situ preservation of algae wnl be
seen later on the field rip.

The Ordndaro She/c is the core shale of the Wyan-
dottecyclothemandthecondensedsectionoftheWyan-
dotte sequence. It is thin (0.75 ft [0.23 m]) and daric gray
(with low gamma radiation) at this stop.   However. it
becomes black (with high gamma radiation) where the
underlying "lane" Shale is relatively thin.  Such lateral

variations in these core shales are not uncommon;  the
Eudora  Shale  that  was  exposed  at  the  first  stop  also
varies from gray to black over distances of only a few
miles.     Such  facies  variations  sugges(  that  oxygen-
deficient conditions  were  reschcted  in  some  cases  to
bonom waters in palcoropographically low areas.  In a
weu located near this exposure. the shale is not distin-
guishable on the gamma-ray log (fig. 34). In addition ro
being thin and near the detection limit of the wireline
gamma ray, the Qulndaro Shale also has low- gamma
radiationindicatedbythesurfacemeasurementstakenat
this exposure (fig. 3-3b).  Thus, the Frisbie Limestone
cannon be dischguished from the Argentine Limestone
on conventional gamma-ray logs.

The Argcnwhc 4.mc5fonc is the upper rimestone of
the Wyandotte cycle.   It is  19  ft (5.8  in)  thick a( this
lcoation.  This exposure is located in an area of moder-
ately thick Argentine Limestone associated with a flank
positiononalobeofthe`Lane"delta(fig.24).Thisunit
consists  mostly  of phyuoid-algal  wackestone  a[  this
locality and is capped by 3  ft (1  in) of coated skeletal
packstone.  As at Stop 2, no subaerial exposure is noted
on this surface.

The Far/cy fi.nrzcsfonc is developed as mro disLinc[
units as at Stop 2.  Both units are notably thinner than a[
Stop  2  where  they  are  phylloid-algal  buildups,  built
farther down the flanks of the "lane" delta than here at
Stop 3.   Here at Stop 3  the Farley Limestones are of
nomal thickness, 7 ft (2. I in) for the lower Farley and 9
ft (2.7 in) for the upper Farley. As seen a[ S top 3 , it is an
intcrtidal  and  shoal-water  facies,  perhaps  suggesting
thattha[locationwasmorepositiveduringdepositionof
the Farley Linesrones than to the south a( SLop 2.  Best
access to the Parley Limestone and the upper Argentine
Limestone is on the west side of the road.
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STOP 3                HOILIDAY  DF`lvE

a                  50                loo               150        E           S           D
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P.--'-Parasequ®nce  lloocl`ng  sur(ace                 -_       ---Eroslor`al  surfaK:®

C          Cond.ns.d sectioo                                             S          Suba®/ial.Iposur.

Water Depth

E - exposure

S  I shallow  marine

D = deep

FIGURE  3-3  (A  ^ND  BLSTRAncR^rmc  sEonoN  N^n7R^i.  G^MM^-R^DL^TloN  moFn+  w^TER-DBp"  CURVB,  AND  SEQUENCE
CIASsmc^T[oN  (extrcmc left) for lower portion of measured section in fig. 3-2.
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EXIT

FIGURE  34toRREiAT[on  oF  roRM^iicINs  IN  LANSING  AND  K^NSAs  CrTT  GRoups  BitsED  oN  c^MM^  RAY-NEumoN  Leo  oF  well
LJ3C^TEO  NE^R   S1`OP  3.
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Stop 4  I~70H435 hterchange:  Bonner Springs Shale and
Plattsburg Linestone

lrocarion:  NE SW see. 13, T. 11 S., R. 23 W., Wyandone County. Kansas

Arive:  11:50 AM
have:   12:50 AM

(10 minutes to lunch; lunch stop 40 minutes)

Con"toutors..  Paul Eras. Derek HerTrun. Lynii Watney, and Even Franseen

htroduction

A( Stop 2 the depositional setting of the Bonner
Springs Shale was briefly described as the outside shale of
the Wyandotte Cyclothem.  The Dormer Springs Shale also
includes the boundary betw/een the WyaTidotte and
Plattsburg sequences.  The events which occuned a[ this
boundary will be the focus of Stops 4 and 5 (fig. 3).
Erosional downcutting. channel sandstones, marine
backfilling of erosional topography, and Laterally extensive
paleosol development near the top of the Bormer Springs
Shale at Stop 4 provide an Linusual opportunity to examine
feaaircsnotnormallypreservedaLthetapofasequenceon
the shelf.

local expressions of eresional topography in the
Bormer Springs Shale have been described along some 80
mi (129 kin) of outcrop in eastern Kansas ninning from
Wyando[te County to Franklin County Gall et al.. 1963:
Harris, 1985: and Enos and Herman, in ms.).  This stop.

#. fceuses on a spectacular example of multiple episodes
of erosional scouring and backfilling in the Bormer
Springs Shale.  h the succeeding stop (#5). we will briefly
examine the Bonner Springs Shale in a more nomal
development with a capping paleosol.

A cross section prepaed by Enos and Herman of
measLned sections al Stop 4 of the upper Farley Lime-
stone, the Bormer Springs Shale, the Merriam Limestone,
and the Spring Hm Limestone in the vicinity of the I-70
and 1435 interchange is sho`un in fig. 4-2.  The index map
(fig. 4-1) of the interchange locates the measured sections.
Fig. 4-3 provides photos of the Bonner Springs Shale and
adjacent units at and near Stop 4.  We win make one stop
along the northeastern cloverleaf to examine the more
prominent and unusual channeling events in the Bonner
Springs Shale.  Please proceed with caution while on the
roadside!

Stratigraphy

ComLrnertlaT)/ dy P aul Erros aLnd Dcrck Hemarl ( excerpts from mariuscript in preparation)

The section observed at Stop 4 includes the apper
Far/ey Lfrocsone, which is the unit locally tnincated by
the channel foms within the Bonner Springs Shale.  The
upper Farley Limestone averages 2.28 in (6.8 ft) thick and
varies only ± 0.32 in (1  ft) in the local area  I( is typically
skeletal-lime packstone. but varies locally from skeletal
mudstone to cTessbedded ooid grainstone.  Characteristic
Farlcy fossils are brachiopods. (including Con.[pasz./a,
productids), and bivalve hagments Oocally including
Wys/ida), phylloid-algal hagments, crinoid columnals. and
fenestrate and ramose bryozoan and brachiopod spines.
Encrusdng onganisms, protholy woms and foraninifera.
are abundam at Sections K and VH (fig. 4-2).  Coated
grains are widely scattered in the unit but are concentrated
only a[ Sections VII and IX.

The Bouncr Spri.ng5 SAC/c is a mixed bag of
lithologies, as is typical of the thicker deltaic outside
shales.  In a typical section the Bonner Springs Shale in
this area include olive-gray claysLone through ligh(-gray ro

olive-gray snty shale, to a discontinuous band of red to
maroon{olored shale a meter or two below the top of the
unit (Moore et al„ 1951. p. 81; O'Cormer.1971, p. 20;
Heckel. 1985. and Harris, 1985, measured sections).
Siltstone and sandstone are widely disthbuted. particularly
in the lower half of the unit.  A calcareous paleosol is
commonly developed above the maroon interval.  This will
be the fcK:us of our next stop.

The thickness of the Bonner Springs in the
vicinity is also extremely variable.  Mcasurements in
Wyando(le and nonhcrti Johnson County ave an average
thickness of 7.95 in ± 2.36 in (26.2±7.8 ft) in eight
complete sechons: the range is from 3.9 to  12.6 in
(12.941.6 ft).  Thinner intervals. do`rm to 22 cm (9
inches). are truncated beneath the overlying Merriam
Limestone.

The Bonner Springs Shale is largely unfossilifer-
ous, but plan( hagments occur locally within sandstone or
nodular mudstone. and sheuy fossils. including pecrins.
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Corrzposl./a and spirifid brachiopods. high-spired gastror
pods, and shell hagments occur near the top of the shale
and within some sandstones.  Trace fossils include vague
burrows in both shale and sandstone intervals; Zoapdycas
and Pro/ovt.rgndarz.a braces in channel siltstones: wen-
developed U-mbes in a nodular mudrock near the top and
starfish impressions in blue-gray claystone in the lower
half (lcoation VII; Harris, 1985. p. 35).

The iwcr7.iam ljmc5!onc is the middle linestone
of the PLattsburg cyclothem and the flooding unit of the
Plattsburg Sequence.  It ranges in hiclmess from 0.31 to
4.88 in (1-16 ft) in 23 measured sections.  Normal
thickness averages 0.88 ± 0.33 in (0.9 ± 1.1 ft).  Lithologi-
cally, the basal porion is typically a packstone, but ranges
from very argillaceous. nodular- weathering yellow
limestone to ooid grainstone.  The middle portion of the
bed, below the most prominent shale break, is typically a
skeletal packstone containing prominent coaoed grains or
oncoids (traditionally ``Osagi.4|.  Wackestone and oncoid
or coid grainstone are developed locally.  An overlying
shale bed or parting can be traced over most of the area.
The top uni( is one or two beds of skeletal packstone.
Oncoids are locally prominent in this unit as well.  Very
argillaceous nmestone caps. weathering yellow-brown. are
developed at a few localities.

Although certain fossils or particles are particu-
larly characteristic of the base. middle, or top portion of
the Merriam, they do not define recognizable Linits, even
lcoally.  A wide variety of biota are developed throughout
the interval or emtically in different portions.  In order of
decreasing abLmdance, these include: Coi7pasrfa brachi-
opods. crinoid columnals. gastropods, productid brachi-
opods, fenestrate bryozoans. fusulinids. bivalves, phylloid
algae, spiriferid brachiopods. ramose bryozoans. cchinoid
fragments, brachiopod spines, solitary corals, encrusting
bryozoans. peetius. encnisting worTns. encnisting foram-
inifera, large scaphopods (to 5 cm [2 inches] long), and,
very rarely, trilobites.  A layer of Coqpndfa is locally
prominent near the base of the Merrian and productids up
to 5 cm (2 inches) wide are common in the middle portion
of the unit in abnormally thick intervals.  Prominent
particles in the Meriam are oncoids and coated grains,
coids, peloids. unidentifiable skeletal debris, small
carbomte and shale clasts. and sand grains locally at the
base.  Chert is present in some thickened intervals of the
Meriam in the middle pordon and burrows are prominent
a[ the top, a characteristic noted statewide by MCManus
(1956).

The Hi.cfory Crcct ShaJc is a pochy developed
core shale, probably the thinnest and palest in the entire
Missourian Series.  The unit is also the condensed section
of the Plattsburg Sequence (fig. 4-2).  The average
thickness in 13 measured secdons of "normal" develop-
ment in Wyandotte and Johnson counties is  18.1 ± 5.7 cm
(7.2 ± 2.3 inches): the range is from 7 to 27 cm (3-11
inches).  Although the mckory Crock is reported ro
contain a black, phtey, carbonaceous zone in northern
Johnson County and Wyandotte County (Newell. 1935. p.

72; Jewett and Newell,1935, p.181). we have not seen
this development nor is it reported in this area by
O'Cormor (1971, p. 23). hfun (1957, p. 261) nor Ban e[
al. (1963, p.13).  The ffickory Creek is apparently
nowhere developed as a black. fissne. phosphatic shale
characterized by a "ho(" gamma-ray response typical of
core shales in the subsurface @ryan Stepheus, personal
conmunicarion. 1987).

The Hickory Creek in Wyandotte and Johnson
Counties is typically a dark-gray ro olive-gray, flakey
shale that weathers yellow to gray bro`m.  1[ is sparsely
fossinferous, with a few crinoid columnals and brachi-
opods. although O'Connor (1971, p. 23) rrotes that i[ also
contains abundant fenestrate bryozoans and fusunnids
locally.  A numero`is but lowrdiversity molluscan fauna
occurs in an anomalously thick IIickory Crectc interval
(Section V).

The bulk of the Plattsburg Formation consists of
the regressive or appex Spring Hill Lirnestor\e. whieh
ranges in thiclmess from about 3.1 to 7.1 in (10-23 ft) and
averages 4.1 ± 1.2 in (13.5 ± 4 ft) in apparendy complete
sections in the area  It is predominantly skeletal wack-
estone. with lenses of graiustone and packstone.  Charac-
teristic fossils include abundant chnoid stems, productid,
composira. and spiriferid brachiopods; fenestrate and
ralnose bryozoans; high-apired gastropods; a few corals;
phylloid algae; and locally, orthceone nautiloids at the top.

Observations at I-70A435 Interchange

Trfug it from the base up. the Bonner Springs
Shale is fairly typically developed as a uniform, blue-gray
shale with a few thin sandstone beds and the maroon
marker bed near the top at section VII (fig. 4-2).  Nowhere
else in the exposines is the Bormer Springs typical.  North-
east 300 to 850 in (1,000-2,800 ft. sections VIII-X. ramps
E-N and N-E) the Bonner Springs interval is represented
by up to 8.7 in (29 ft) of sandstone overlain by 1 in (3.3 ft)
of sandy shale beneath a typical Merriam Limestone
section (section K).  The upper bed of the underlying
Parley Linestone Member is abnomally thin (0.75 cm
[0.3 inch]) and shows very chrup[ local retief with a bevel
of 60 cm (24 inches) in thiclmess.  A layer of time-mud
pebbles and bivalve sheds plastered onto the Farley Lime-
stone probably refleets reworking of the uppermost Farley
prior to deposition of the sandstone.  Small clasts of gray
shale, less than 1 cm (0.4 inch) in diameter, are abundant
throughout the sandstone, particularly in the base where
beds of shale chips compose abou( half of the bulk.  These
shale cLasts apparently represent the missing typical
development of Bonner Springs Shale, ergo the victim of
local erosion along with the top of the Farley Limestone.

The sandstone contains a few brachiopods
(Haris. 1985), pectius, and high-spired gastropods.  The
overlying shale contains these fossils as well as fenestrate
bryozoans and unidentified sheu fragments.  The sand-
stone is cxtensivcly ripple cross-laminated with a few



festoon sets up to 30 cm (12 inches) (hick. An excellent se(
of climbing ripplcrdrift cross-lanirLation is developed near
the t)asc. CLinen( directions are pasistently toward the
cast-southeast  Heringhone crossbedding is evident near
the base, but no orientations could be measured.

This sandstone. which apparently eroded the
entire Bormer Springs and beveled the top of the Farley
Limestone. is tn]ncated by a distinct hemi{hannel fcrmi
that removed all but 1.9 in (6.3 ft) of the sandstone in
section X (fig. 4-2).  The channel form is filled with 2.3 in
(7.6 ft) of silty shale; silty, pebbly sandstone; and shale: it
extends to the fossiliferous shale beneath the Mcham in
Seedons EK and Vm.  This channel-folm sand/shale
sequence is in tiim beveled by yet another hemi{hannel
fonn replesemed by abrupt westwrard thickening of the
Merriam Linestone from 0.9 in (3 ft; possibly tn]ncated
by modem erosion) in section IX through 2.4 in (8 ft) in
section Vm and 4.0 in (13 ft) in section X.

The ranire of the Merriam expansion is best seen
in sections Vn, IV. and V where i[ clearly truncates a
normal Bonner Springs Shale interval from 7.2 in ro 1 in
(23.7-3.3 ft) or less and may bevel the top of the Farley
Limestone.  An argillaceous interval a( the top of the
beveled Bonner Springs contains nulnerous pebbles of
argiuaccous nmestone that ae bored by dny bivalves and
heavily encnisted by worms and other organisms.  These
rewocked pebbles. which may derive from the Farley
Limestone or calcareous beds within the Bonncr Springs,
formed a fag in the base of the channel, where they were
encrusted and tx]rd

The thickening of the Merrian involves some
expansion of the uppermost linestone bed and an underly-
ing, regionally persistent, intra-member shale; however.
the most dralnatic thickening is by introduction of numer-
ous beds in the lower portion of the Madam that are
beveled. in a top-lap relationship against overlying beds.
These beds comain abundant large (xp to 5 cm [2 inches]
wide) productids, tentatively identified as 4.mprodac/us,
Echiriochoncus. and Juresania, and all expansion Of the
zone of abundant Chonefcs. common near the base of the
Merrian.  These fossils are unbroken and many appear ro
be in ufe position.

The Hickory Creek Shale also thickens from 20
cm (8 inches) in section VII to 63 cm (25 irk:has) in
section IV to 2.6 in (8.9 ft) in seedon V. its maximum
known development in northeast Kansas.  The lithology
changes abnprly ro a dar]c-gray. sooty-appearing. phtey to
flakey. calcarcous shale.  A lowrdiversity fauna of low-
spired gastropods (rrcpefpfro and. rarely. beuerophon-
tids). bivalves (Palacoac../a and pectius), bfachiopods.
(CoxpSz.{a), and, rarely, chnoid columnals occurs in the
lower part.  Some of the bivalves and gastropods are pyri-
tized.

Finally. the Spring Hill Limestone also thickens
in section V to about 6 in (20 ft).  In section h®, 7cO in
(2J10 ft) southeast, the Spring Him is 3.9 in (12.9 ft) thick
and in section 11. about 1200 in (3,960 ft) cas| it measures
3.4 in (11.2 ft).  Bedding is disrupted and somewhat
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thickened at the base of the wavy-bedded interval in the
lower Spring Hill what the Meriam thickens in section
Vm.

To summarize relations al the I-70n435
interchange. a typical section of Bonner Springs Shale was
reduced ro shale clasts in a thick sandstone. which also
beveis the top of the underlying Farley Linestone.  The
narrow sandy body is in nim tnincated by a hemi{hannel
form filled with shale and thin sandstone beds, This
channel form is beveled by thickening of the Merriam
Limestone into yet another channel form which trends
northeast-southwest through sections VH. X, and IV,
where the Madam rests directly on a tnincated surface of
nomal Bonnet Springs Shale.  The draJnatic thickening of
the Meriam is through introduction of beds in the lower
porion tha( toplap against the uppemost Merrian.  The
Hickory Creek Shale and Spring IIill Linestone also
thicken above and westward of the thickest Merriam
Limestone.  The expansion is approxinately five-fold in
the Melriam Limestone, 13-fold in the Hickory Creek
Shale, and nearly two-fold in the Spring mu Linestone.
Thus, although tnincation of underlying units and toplap
bedding are seen only in the Meriam Limestone. the
entire PlattsbLng Linestone thickens.  In au, three channel
foms are superposed, including that containing the very
lcoalized sandstone.  Channelization was repeated through
a sequence of depositional environments that formed a
typical hemi{ycle of sandstone, shale. and timestone, all
bearing marine fossns.

hterpretation of
Bonner Springs Shale channels

The thick sandstone developmen(, the shale-
pebble clasts. and the abrupt hteral terTninatious within the
Bonner Springs Shale at I-70AJ35 appear unique for
outside shales (or any other unit) in this area.  Elsewhere
the Bonncr Springs contains only thin, channel-form sand
lenses or thin sandstone beds that appear continuous on
outclap scale.  These strildng Latinl changes were
discused by Heckel (1985) nd lhrris (1985).  Heckel
(1985, p. 34) proposed that the thinning of the Bonner
Springs was . . ."the slope of a subaqueous prodeltaic and
delta fron( sequence that was stranded. . ." and the( the
sandstone in section H was delta-front related sand.  He
noted evidence for suhachal exposure and possible soil
forTnation toward the end of Bormer Springs dcposidon
based on the maroon shale marker and regarded this as
evidence of ` .... hirther eustadc withdrawal of the sea"
Haris cited (1985, p. 35) a) the presence of mud cracks
®rimarily in the fomer qualTy at Stop 2), "sandy lags"
(section VIH), and conglomerates near the rep of the
Bormer Springs; b) the 5° slope of the Merriam-Bonner
Springs contact (secdous IV and VII) in contrast ro an
average slope of half a degree on the Mississippi delta
front; and c) trufreation of the maroon zone (section IV) as
evidence "that the upper surface of the Bonner Springs
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Shale is the result of [subaerial] erosion..along an uncon-
fo-ity.„

We agree with Harris that the upper sLrface of the
Bormer Springs is elosional. uberally sculpted by chan-
nels, both aL and near the top, and with both Heekel and
Haris that subaerial exposLire near the close of Bonner
Springs deposition is indicaeed by the data cited above.
Marine mnsgression began, however. before the end of
Bormer Springs deposition as indicated by marine fossns
in the uppermost portion at a few localities.  This marine
interval is tnincated along with the underlying subaerial
nodular cartonate and maroon shale. Moreover, the fiiu of
each of the three supelposed channels is marine.  The
sandstone contains a few brachiopods al the base as wed
as pectins and high-spired gastropods (sect EK. fig. 4-2).
The overlying sand-shale sequence (sections X, K, and
VIII) contains Myalina clams, pectius, high-spired
gastropods, and bryozoans. The Meriam contains an
abundant marine fauna dominated by euryhaline brachi-
opods.  The intra-Bonner Springs charmels on 1435/
Holidry Road also contain a marine fauna. Subaerial
erosion of each channel would require yo-yo style oscilla-
lions of sea level.

delta lobes are the traditional interpretation of
sand bodies within outside shales and unusually thick
silly-shale intervals.  This interpretation fits the typical
Bormer Springs. but the suite and succession of rock types.
the ripplerdrift and cHmbing ripple sets, the culTent rover-
sals, and the small-scale festcons a( the I-70AL435
interchange are typical only of tiderdominated, high-
destnict deltas Qtiall, 1984), which are unlikely in the
low{nergy shallow seas of the midcontinenL  The
posa]lated slope on the delta front is clearly erosional as
demorLsmted by tn]ncation of bedding within the Bonner
Springs. including the maroon shale. and the superposition
of multiple channels.  Heekel's argument for a stranded
delta seems unlikely.  The origin of the Bonner Springs
channels must be refaced to the superimposed thickened
intervals of Meriam Limestone.

hterpretatious of thickened intervals of
Merriam Limestone

Several hypotheses are possible for the local
expansion of MezTiam Limestone. with or without con-
comitant thinning Of the Bormer Springs.  Posirivc relief
on the Merriam could result from mud hanlcs or carbonate
deltas such as those in the modern Florida Keys Gnos and
Perkins, 1979). A more likely altemalive would be some
relationship to linear colite bodies in the Meriam of
Franklin County Can et al., 1963).  The scale, discontinu-
ity, and general alignment of the ootite bodies suggest tidal
oolite bars (Ball, 1967).  The trend of the expanded inter-
vals in Johnson and Wyandotte Counties, is comparable to
the( in Franklin County (north-northeast-south-southwest).
However, the mud content of Mcham packstones and

wackestones in the thick intervals niles out analogy with
high<nergy colite shoals apparently represented by the
crossbedded oolite bodies in Franklin County.  In addition,
the tnincation of the underlying Bonrrer Springs Shale and
other evidence of channehation presented above militates
against any depositional configuration involving positive
relief.  The hemi{hannel forms are interpreted as bonafide
channels.  It remains to identify the processes that formed
them.

Processes responsible for channel formation

Channels could by incised into underlying units
by fluvial. storm, or tidal erosion.  Fin of the chamels
variously with sandstone, shale, and muddy limestone,
each with exclusively marine or brackish fossils. units the
possibilities.  Tenestrial processes would require repeated
erosion without deposition, preservation of nanow
channels, and repeated marine transgressions to fill the
channels, cach of which appears improbable even in
isolation.  Channelization in violem storms such as
huricanes is ho`m (cf. Ball et al., 1967): however. it
involves breaching of local barriers and does not produce
elongate channels such as indicated for the Merriam.
Also, deposits of violent storms are chcoLic mixtures of
mud and coarser clasts, typically in thin sheet-wash
blankets (ELyes, 1967; Ball et al., 1967; Perkins and Enos.
1968) deposited in the upper flow regime.  Sroms would
also fill any preexisting channels with such chaotic
deposits.

Each channel saidied appears ro tnincate less
erodible deposits, either more cohesive or coarser grained
than those that fill the channel.  This suggests that cut and
fin wezc either in different environments or at different
intensides.  The presence of extensively bored and
eneruseed pebbles al the hose of Merriam channels also
suggests a finite period during which the channels were
open befcne final fflling.  Apparently the channels were cut
by rather ephemeral, strong currents and filled under
different and varied sedinentary regimes.  Tropical srorm
deposition is a possibnity in the low latiddes of the
Permsylvanian in the midcontinen[ (Hcckel,  1983; ZiegJer
et al., 1979).  h channels filled by carboTrate or argil-
laceous deposits. however. the muddy texture of the
sediment its resolution into a number of disthct, well-
defined beds; and the cx:currenee of brachiopods in growth
pesition all attest ro lack of strong cLirrents during channel
fill. Processes active over long periods are also indicated
by the thick sequence of low€nergy deposits.  It cannot be
dcmoustrated. however, that processes of long duration cut
the channels.

Tidal currents appear to be the only common
submarine process capable of producing the channel forTns
and marine sediments developed at the Bonner
Springs-Plattsburg mnsition.  Herringbone crossbedding
developed locally in the sand-filled channel supports a



tidal regime.  The culy direct evidence of cunents dLring
the deposidon of the Mcham arc the large-scale inclina-
tion and toplap in the lower beds (figs.1.10,13).  The
ini(ial nmestonc beds in the Mcrriam drape (he channel
wall (figs.I,13,17,18): they do not ovehap as stated by
Haris (1985).  Subsequent beds tcnninate by toplap as the
Meriam thins toward the channel margins.  Tophp
reflects budding up to a baLse level, presumably either local
wave base or sea level.  The relatively thiclL crossbedded
coid grainstonc lenses in Franklin County and thin lenses
of grain-supponed ooids and oncoids in vimially au local
Merriam sections reflect al least episodic agitation by
strong cunents.  This suggests sea level as the control
rather than wave base.

Is il rcaLsonable to infer episodic high-tidal ¢ncrgy
in the shallow "bdeless seas" (Shav. 1964) of the mid-
continent? Repealed occLLrrences of crossbedded oolite
near the tops of upper. regressive linestones throughout
the Missoulian (Mcore et al.,1951 ; Heckel.1983) are af-
firmative evidence.  Skeletal rudstones in the Parley
Limestone show opposing current directions. indicating
tidal activity. and local channels at the base of the Captain
Creek Limestone contain crossbedded conglomerates. a
testinony of high energy Glros et al., in ms,).

Lunar tides are essentially laclchg in many
modem shallow seas, such as F]chda Bay and the Bahama
Banks (Ginsburg, 1956: Enos and Peridus, 1979).  Wind is
capable of moving large bodies of water. however. and
producing rather energetic "tidal" ctLrrents Q3iros and
Perkins, 1979; IIardie, 1977).  This was probably the
prevalen( condition in vast epeiric seas of the midconti-
nent.  Wind-generated water movements would be more
facused into saeng currents during lowered sea levels of
carly transgression and hte regression, where high{nergy
deposits are coneentrnd.

The uppermost shale and linestone beds in the
Merriam thicken somewha| but do not display topLap.
This suggests continued presence of a shallow channel and
a rise in base level with the transgression, as deduced by
Heckel from the conodon( assemblages (I.A Watney e( al..
1985, p. 34).  The persistence of channels would also
explain thickening of the Hickory Creek shale and Spring
Him Limestone where the Merriarn is thickesL  Effective
scouring of the channels almost certainly ceased early in
Merriam deposition. as indicated by muddy lithologies and
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upward changes in bed geofTietry.  Scouring was not a
factor diiring rnarimum transgression represented by the
Hickory Creek. a core shale (Heckel.1985). Either
channels wcrc cut deep enough so that they were not
ccxnpletely filled dLiring Merriam deposition, or differen-
tinl compaction of the thicker channel fiiu maintained some
relief during deposition of the other cyclothem members.
Toplap in the lower Mcham indicates that the channel
was fined to an effeedve wave base, but continued rise in
sea level aFprently removed this consulction.

Another possible mechanism for maintaining
lcoal relief is some kind of very local subsidence.  Un-
likely as this may seem, it would also explain why three
channels come to be s`perposed through the normal
cyclothetnic progression of dapositional regives.  It could
also explain a long, straight channel such as nigh( extend
from I-70^435 to K-10 at Cedar Creek. if some stliJc-
timl clemen( such as an incipient faul( controlled subsi-
dence.  However, it would not adequately explain the
pcrsisten( and wideapread occurrence of channels in
Wyandotte and northern Jchnson counties.

A more likely explanalon is hteral funneling of
cLments by preexisting relief developed by algal banks in
the underlying Wyandctte Formation (Crowley, 1969).
Crowley showed that the Bonner Springs reflects some
inherited refief and this inheritance may have profoundly
influenced ctLrrents and deposition even in the Stanron
cyclothem that overlies the Pfattsburg Q:nos et al., in ms.),

The change in lithologic character of the Hickory
Creek Shale with the increase in thickness at I-70^435
interchange also suggests a depression on the sea floor.
Irocal bathymeric highs have been called upon ro explain
the loss of bhck color. carbon content, and fissnity within
core shales where they projected through a pycnacline that
produced anoxjc conditions elsewhere on the sea flcor
(Htokel, 1977).  The mckory Creek is nowhere developed
as a bhck, fissile, cafoonaccous shale, but the
Trepospirid-Paleoneilo assemb\nge in the thiekened
Hickory Creek contains forms closely rented to those that
occur under dysaerobic conditions at the top of the
oxygen-minimum zone (Boardman et al., 1984).  With no
record of a regional pycnacline. the reduction in oxygen
level probably reflects stagnalon in a local depression, the
relict channel.  This thickened Hickory Creek Shale will
be pointed out on the northeast comer of the inLerchange,

Discussion

The coneentraLion of channels within and a( the
top Of the Bonner Spring Shale suggests that the simple
lrwin-Show model of seas transgressing over an essen-
Liauy planar surface (Irwin. 1965; Show. 1964) is not
invariably appropriate ro transgression in midcontinent
cyclothems.  Disn]ptions in the nomal mnsgressive
sequence al the base of the superjacen( Stanton cyclothem
(Enos et al., in ms.) show that such interruptions are not

unique, a( least in the lcx:al area of Johnson and Wyandotte
counties.  Other local anofnalies have been dacumen(ed by
the detailed stratigraphy of Phitip Heckel and his s(udents
(cf. Heckel, 1986) and by ongoing work of Lynn Wathey
and John French, Kansas Gcological Survey.  Even the
classic layer<akc stratiglaphy of the in idcontinent
demonstrates many responses to local conditions such as
deposidonal relief and therefore is no( all "layer{cke."
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FIGURE4-3(Aand8)rdormclSFingsShalcatStop4showingsandstoneofBormerSprings0S)rcstingonlacallyendedupperFarley
Limestone (UF) near section X.  Sandstone is cut by cTosional siirface benc&th a hemi<harmcl form which extends xp to near the base
of the Medaln Limestone (ME).  Hcmi{hamcl is fined with  Photos arc close-up of left portion of fig. 4-3(C and D).  Note hammer
left of ccnter for scale ( 1 ft [032 m]).

FIGURE4-3(CandDLSouthsidcofstop4.northeastclover-lcafofintczseetionofl-70/435,betweensectiousxandEK.IArgccharmcl-
form sandstone in Bonna Spri]igs Shale passes diagomlly (rrorthcaLst-to-southwest) through this exposure.  Sandstone is cut by deep
eTOsional surfaces bcncath hcmi{hamcl forTns.  Mcriam Linestone, ME, thickens to left into heni{hamcl form seen on opposite
Side of this clover-leaf.  UF, upper Farlcy Lirncstonc, resides a[ the base of the Bormcr Springs Shale.  1[ is lcoally eroded beneath the
sandstone, losing clcvation quickly ro the lower rigiv of this photo.

FIGURE4-3(E}ilosc-upofcasifaccofsandstoncinBomcrSpringsShaleatStop4(secdonD{).Thesandsroncincludesafewfcsroon
cross sets up to 30 crn thick and hcrringbonc cross-bedding near the base.

FIGURE 4-3 (F)LTypical Bormcr Springs Shale (secdon I) sho`irn in fig. 4-2®).  Upper portion corrmonly contains maroon interval
(beneath base of arrow) that is overlain by a calcareous palcosol horizon (point of arrow).  The maroon interval is clearly tnmcated
near section Vn. on the southwes( side of I-70/435 inLcrsection.
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Stop 5  1435 south of Holiday Road exit

u)cation:  Center see. 6, T.  12 S.. R. 24 E.. Johnson County, Kansas

Arrive:  I:55 PM
Icave:  2:20 PM

(30 minutes to next stop)

Contributors.. Paul Eras. Lyre Walney. and Even FrarLseen

htroduction

Stop 5 is located on fig. 2-I.  The measured section
oftheintervalseenwasobtainedontheeastroadcutnearstop
5 (fig. 3-2c and d). Fig. 5-1 provides three photos iuustrating
LhepalcosoldevelopedatthetopoftheBormerspringsshale,
the focus of Stop 5.

The  Bonner  Springs  Shale  and Plattsbung  Lime-
stonearetypicallydevelopedalongthisroadculTheBormer
Springs  Shale  is  25.3  ft  (7.7  in)  thick.    The  Phttsburg
Limestone  consists  of  the  2.3-ft  (0.7l-in)-thick  Meriam
Limes[oneMember,the20-cm(8-inch)-thickmckorycreek
Shale Member, and the  14.6-ft (4.44-in)-thick Spring mu
Limestone Member.  A series of channel foms near the top
of the Bonner Springs Shale at and near this stop may be
related to prcoesses that led to the atypical Bonner Springs
observed at the previous  stop.   Maximum dineusions of
sandstone lenses within the channels are 1 to 2 in (3.3-10 ft)
thick and about 100 in (330 ft) in apparent width.

An objective of this stop is to examine a calcareous
paleosol developed at the top of the Bonner Springs Shale.
This in(erval was eroded a[ the previous stop by local chan-
neling.Thepalcosol,althoughsporadic,iswidespreadabove
the maroon zone.   Its surface is the boundary between the
Plattsburg sequence (above) and  the Wyandotte sequence
arelow).

The paleosol has been described as a chanctchstic
anginaccous, nodular, yellow-weathering hmestone within
the top meter of the Bonner Springs Shale.   This limestone
unit. which overlies the fnarcon shale, was described in part
as"marlite"byNeweu(1935,p.68).Itisnodularandlocally
conglomeratic in appearance, with fragments of calcareous
mudstone or argiuaceous linestone.  Vertical prismatic frac-
tures are scanered near the top of this limy interval.   The
calcareous  zone  grades  down  into  nodular  calcareous
mudstone  that  locally  contains  large  woody  fragments.
including  Ca/you./c5,  root  casts,  and U-tubes  with  poorly
developed spreiten.

Atseverallocalities,theyellow-wcatheringcarbon-
aeunitextendsdormverticalhactures,interpretedassynde-
positional desiccation cracks (IIarris. 1985).  The general V-
shaped downward extension of the filled cracks and their
inegular sLirface traces indicate large polygons resembling
desiccation cracks, rather than a joint set  The best evidence
that they  are penecontemporaneous  with  deposition  is  a[
another location, where a V-shaped fracnire ffll of skeletal
wackestone 10 cm (4 inches) deep is nested in a V-shaped
zoneofyellow-wcatheringcarbonatethatextendsdownward
more than a meter.  The skeletal wackestone was evidently
deposi(ed dLiring marine flooding associated with Merriam
Limestone deposition.

The nodular and brecciated appearance of the yel-
low-weatheringcarbonateisprobablyduetodisplacivecrys-
tal growth, enhanced compaction of the shale around semi-
lithified carbonate, and growth of plan( rcots.  Thin sections
of the carbona[e zone indicate microcrystalline calcite with
scattered frogments of dense brown micritic calcite that are
surrounded  by  circumgranular  cracking.    This  texture  is
common in caliche.  Rhizoliths (downward branching, clay-
fflled tubules) are also scattered through the unit.  Prismatic
fracnires are probably ped surfaces, common in soils (fig. 5-
1). Types of peds are illustrated in fig. 5-2.

Caliche, rhizoliths, verical prismatic ped surfaces,
oxidation,  and  a  gleyed  (reduced,  clay-rich)  soil  horizon
define a wellrdeveloped paleosol.   The complexity of the
palcosol  reflcots  changes  in  moisture  level  that probably
resulted from changes in chmate during falling sea level.

A typical section of Merriam Limestone, Hickory
Creek Shale. and Spring Hill Limestone overlies the Bonner
Springs  Shale  at  Stop  5.   This  interval  contrasts  with  the
section  examined at  Stop 4.    In  some places  the  Bormer
Springs  Shale  does  no( contain  this  paleosol  due  to  local
erosion.   The thick preservation  here may be related to a
topographic low forTned as the underlying sandstone channel
subsided.Furtherdescriptionandinterpretationofthepaleo-
sol is planned in subsequent studies.



128

FIGURE 5-1 (A)Lwest-facing exposure at Slap 5 (on highway median) showing BS, Bonnet Springs Shale; ME, Merriarn Linestone;
HC. Hickory Creek Shale; SP. Spring Him Limestone.  Bonner Springs Shale here is a typical section as opposed to that seen at Stop
4.  Paleosol is unusually thick in association with a lenticular sandstone lcealed at the pesition of the letters, BS.  Dcrck HeTman

provides a scale.

FIGURE 5-1 ® and C)Lpalcosol developed near top of Bormer Springs Shale from west-facing slope in the highway median a[ Stop 5 .
Evan Franseen is taking a close-up photo of the paleosol shorn in (C).  Photo (C) shows pod surfaces. one of the diagnostic feanires
of a son.
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Stop 6  Southeast exit ramp off I-435 at Gregory Road:
Parasequence within the Winterset Limestone Member of the
Dennis Limestone Formation

I.ocation:  sec. 7. T. 48 N.. R. 32 W., Jackson County, Missouri

Arive:  2:50 PM
Leave:    3:20PM

(10 minutes to next stop)

Coutlbutors..  Lynn Watncy, John Frerich, Evan Fraaseen. and Phil Heckel

Overview of trip to this point, and a view down the road

Stop 5 was the last exposure of the lansing Group
tha( we will see: the remainder of the tip win fcx;us on the
lower  Kansas  City  Group.    The  Lansing  Group  scctious
observed through Stop 5 were successions of mixed shici-
chstic and carbonate deposits. with carbonate units repre-
senting the marine inundalious and sniciclastic  sequences
representing deltaic progradalion during times of base-level
sullstand and fall. Minor eustatic flucaratious during overall
falling sea level resulted in parasequence development, re-
flected in the cocurTence of slacked carbona[e and siriciclas-
lic deposits that are separated by discrete flooding surfaces
associated with abrupt facies dislocation.  Variations within
these parasequences may have been controlled by autogenic
prcoesses such as disthbulary avuision; the mixed sinciclas-
ticandcarbonatefaciesinthelowerFarleyLimesronemaybe
an example of this.

Sequence-smtigraphicconceptsappeartobeeffec-
dive in deciphering the packaging of cyclothemic deposits.
Even so. unequivocal evidence for subaerial exposure is not
always identifiable. and evidence chsts (as deschbed al slop
3)  tha[  some  of  the  major  sequences  that  resulted  from
widespread  marine  inundation  (such  as  the  lola)  are  not
bounded by  subaerial  surfaces at middle- and lower-shelf
positions. S urfaces of facies dislocation as well as condensed
sections are definitive markers that provide practical means
lo  begin  understanding  the  temporal  significance  of  the
s tratigraph ic succession.

The  necessity  of  utilizing  sequence-strarigraphic
principles,  especially  with  regard  to  the  recognition  and
corTehtion of hiatal siirfaces, will become increasingly ap-
paren( on the second day of this trip as we examine the more
complex lithologic successions and stratal  gcomeries that
developed in lower-shelf and basin-margin settings.

Introduction to Stop 6

Stop 6 and 7 are lcoated on the index map shown in
fig. 6-1.  In Srop 6 we wnl examine the upper potion of the

Winterse(  Limestone  Member  of  the  Dennis  Limestone
(Kansas City Group; fig. 3a and b).  The measured section of
the sequence exposed at stop 7. I .5 in i (2.4 kin) north of here,
indicates the stratiglaphic position which is the facus of this
stop (fig. 6-2).  Fig. 6-3 includes three photos of the skeletal
and oohtic  grainsrone present in  the  upper portion  of the
Win terse( Limestone.

The tennis sequence dces no( exhibit a weu-devel-
oped carbormte marine-flooding uni( this high on the shelf.
butdcescontainadeep-walercondensedsectionrepresented
bytheblackS[arkShale.TheSLarkrestsonawellrdeveloped
paleosol in the Galesburg Shale. which can be seen at the
north end and lowest stratigraphic position of this exposure.
The  Swopc+Dennis  seqL]ence  boundary  is  placed  aL  this
contacl  The Stark Shale is overlain by the upward-shoaling
Winterse( Linestone, which is in Lum overlain by the shat-
low-water Fontana Shale a( the lop of the Dennis sequence.
The Fontana Shale contains coal in wesLem Kansas City near
the HOLiday mve exposure.   Paleosol development in the
FontanaShalehasalsobeendescribedonthispartoftheshelf
in the Kansas City area

The Winterset Limestone in  this area contains aL
leas( three and possibly four parasequences.  The best devel-
oped  of  these  parasequences  are  characterized  by  basal
marineshalestha(abrupdyoverlieshal]ower-marinecarbon-
ares. with the upper potion of each  of these minor cycles
consisting  of an  upwaLrd-shallowing  carbonate  succession
(fig. 6-2).

The xppermost parasequence (a) is well-exposed al
this stop (rig. 6-3).  The shale at the base of this unit marks a
marine flooding even( and is probably a condensed interval.
It contains  abundam conodonts,  including  foms  such  as
/diaprl.o".odes that Heekel and Baesemann ( 1975) interpret
asindicariveofrehativelydcepwarer.ILisagoodlocalmarker
that will also been seen a( Stop 7.  Overlying this shale is a
cross-stratified skeletal and oolitic grainstone. which varies
in thickness from about 13 ft (4 in) near the north end of the
outcrop to perhaps only 7 ft (2. I in) a[ the south end. The unit
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displays foreset beds with tangential bases that contain Lag
concentrationsofthebrachiopodCoqpofz./aandotherskelc-
tal debris, The foresets dip northward (landward) reward the
upper shelf.

A similar cross-stratified grainstone is also present
approximately I.5 mi (2.4 kin) to the north at Stop 7, bu( the
unit is there only about 6 ft ( I.8 in) thick. This is therefore an
unusually thick WinLcrset grainstone in this area.

Discussion

This ooLidc grainstone resembles the ooljtic reser-
voir zones common within many lansing-Kansas City oil
fields in westm Kansas.  Sea level and shelf configuradon
combined ro provide conditions condueive for the develop-
men( of these  pormtial-reservoir facies.  bu( variations  in
thicknessandarealextentofindividualooliticpackageswac
almost certainly due  to  autogenic  processes  such  as  local
topography and the disthbution of stcrm washovers.

Fifty  miles  (80  kin)  south  of stop  6  near Jingo,
Kansas(fig.64)thewintersetLimestonealsocontainsthree
shale seams, each assacialed with a sequence of carbonates
Lha[  is  similar  to  that  seen  near  Kansas  City  (fig.  6-5).
Because the sane number of packages occurs in the Win-
terset at both Raytown and Jingo, it is tempting to consider
them as the same four parasequences.   However, work by
Schutter  (1983.  p.909)  indicates  that  the  same  conodont
assernbhage found in the medial Winterset shale (discussed
above) in Kansas City occur in a zone at the tap of the Stark
Shale Ous( below the Winterset Limestone) at Jingo (Hc€kel
and Wamey,1985). Work is underway by Felton and Heckel
Lo verify these correlations within the Wintersel   Correh-
[ions made to date suggest that the lower 10 ft (3 in) of the
WintersetatKansaLscityarenotpresenta(Jingo(Hcckeland
Watney,1985). If these prehminary correlations are correc|
thenbasinwardthinninganddo\rmlapofhighstandWinterse(
carborLates onto the Stark Shale are indicaed.

Carbomte-dominatedparasequencesaredeveloped
in the Winterse( across most of the northern midcontinent
shelf.  The relatively minor base-level fluctuations reflected
in the Pennis parasequences are also represented in the Win-
terset over 450  mi  (725  kin)  ro  the  west in  southwestern
Nebraska (fig. 6<; Dubois, 1985). In this in fined high-shelf
position on the flanlcs Of the transcontinental arch, the nor-
mally black Stark Shale is a dark-gray to fnarcon snty shale

containing crinoids and brachiopods.  Subaerial weathering
in this region was intense and probably lock place in a semi-
arid.oxidizingsetting(Wamey,1980).Dubois(1985)exam-
ined  30  cores  over  180  mi2  (465  lm2)  and  found  two
persistent. welJrdefined shallowing-upward calbonaLe pack -
ages separated by thin marine shales in the Wintersei   ln
HaskellCountyinsouthwestKansas,neartheshelfmarginof
the Anadarko basin, t`ro parasequences occur in the Win-
tcrset equivalent in Victory field in the Amoco A4 Cox core
(fig.64).Inthislocationlxpeatedmarineinundatiousduring
generally  shallow-water conditions  led ro the  stacking of
oolite deposits. More than 10 ft (3 in) of a lower oolite are
overlain by an additional 14 ft (4.3 in) of colitic graiustone.
These two units are separated by 2 ft (0.6 in) of peritidal
carbonate that is abruptly overlain by less than 1 ft (0.3 in) of
marine graiusoone that contains clasts of caliche; this grain-
stone marlcs the marine flooding associated with the upper
parasequenee.   The grainstone is overlain by a thin, open-
marine wackestone that is overlain by the upper oolite.  This
typeofstackingresultedinverythick(>40ft,12m)accumu-
lations of porous graiustone that covered broad areas of the
inferred ralnp (Wamey, 1984).

This weurdefined parasequence development ap-
pears to be a common feaame of the Dennis sequence across
the endue midcontinen( shelf.  This may in par( be related to
regional tectonic reactivation in the Arkoma and Amdarko
basins that resulted in flexure and ulting of the shelf.  This is
sugges(ed in maps of the Pennis sequence, which indicate
tha(itsshelfmarginhasbacksLeppednorthwardinsoutheast-
em Kansas relative to underlying units (fig. 12). This is also
indicated in a concepaial diagram (fig. 45).   Che- dimen-
sionalcomputersimuhtionsindicatethatsimilarratesofsub-
sidenco and rates of falling sea level would favor parase-
quence  development  during  minor  sea-level  flucmatious
figs. W-13).
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LOCATIONS   OF   STOPS   3   AND   4   SHOWN   FOB   PEFEBENCE

FIGURE 6-1-hdex map showing locarious of Stops 6 md 7 and locations of wcu logs used in constmcting cross section of rig. 7-2.
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Hertha
Sequence

HIB0KESI
E.ty..9.f`.i.t!9.T..S.tl.¢W5.

WINATE0  WuOSTONE

...............   ?

LAMINATED   FENESTFliL

LinE   WUDSTONE

`LAMiNATEO  =aNEs-:Ai

L"E   MUOSTONE

Interval
exposed
at   Stop   6

FIGURE 6-2-Measued section used from slap 7 ai Raytoum )ocaled 1 i mi (2.4 lm) nozth of Stop 6.  htcrval examined here in S(op
6 of ine uFper WirLLersct Limestone is bracketed.

FIGURE 6-3(A and BLWcst-facing exposure of the upper Wintcrse[ Limcstonc on the Gregory Rord exit off northbound 1435 at Stop
6.Large,wcllrdcvcloped`nor(hrdippingforcsctbedsincoliticandskeletalgrainstonedominatcBiisoutcTopoftheupperparascquence
of the Pennis sequence.   MS, medial shale (mzBker) located ai the base of the parasequence; CX=,  ooliric grainstone:  LM. platy,
larnirmted mudstone dcvelopcd a. the top of the WinLCTsct Limestone.   Stick Oowcr left) provides scale (1  f( [0.3 m] divisions).

FIGURE6-3C)--Lew-angle,ungouiaLshrtybascdfining-uprrardsctofalargcforesc(bedfromlowErporionofgrains(oneconLaining
abundm( ndculated Ccmposit4 brachiopods and skeletal fragments (arrow).

FIGURE 6-3(DLhower 3 ft (1  in) of grainstmc bed showing sharp base of grainstonc on rcrrLnants of wackestone ovcT shale/nodular
limcstonc  interval  (medial-shale marker).   Anow  in photo  idcnLifics one  of scvcral  shap,  scoured.  tangential  bases  of foresets
containing Coapcoifa and coarse skeletal lag.







FIGURE64-hdexmapforregionindicafinglocationsofS[ops6
and 7 with reference to Jingo locality (in eastern Ka].isas). the
Amoco Cox core in southwestern Kansas. and the area sdydied
by rmois (i985).
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Stop 7  Raytown section along 1435 just south of 350 Highway:
Hertha, Swope, and Dennis cycles

Lceation:  SW SW NW see. 6, T. 48 N., R, 32 W., Jackson County, Missouri

Arive:  3:30 PM
Leave:   4:30 PM

(return ro 1+awrence for dinner and evening program)

Cou"toutors..  Lyrm Watne)/ , John French. and Evan Frauseen

htroduction
This is a superbly exposed. continuous sequence of

thelowerMissourianrocksthatarecurrentlyamajorfocusof
our investigations in southeastern Kansas (figs. 7- 1 . 7-2; the
cross section index for fig. 7-2 is found in fig. 6-I).  Famiri-
arity with the variability of these units throughout most of
KansasallowsustoputthisimportantoutcropintoareSonal
stratigraphic con text

The units exposed a[ this location win be described
in ascending order.   For the sake of brevity,  only salient
feanires of the individLial units are mentioned.  These com-
ments win hopefully foster further discussion. The stratigra-
phic relationships and regivnal variations of these units is
best understood by reference to the measured section (fig. 7-
1).

Stratigraphy

The Moiznd Czfy She/c is the lowermost unit ex-
posed here.  The upper portion is exposed beneath a small
waterfallafewhLindredfeetdownstreamofthemainoutcrop.
The Mound City is a widely correhtive. relatively dequ
water deposit that represents the condensed sechon within
theSniabarsequence.Theportionthatisvisiblehereconsists
ofafewcentimetersofaltematingbfackshaleanddaric-gray
shale that contains Chorfu.fef. This alternation may reflect
fluctliations in bottom-water oxygenation that occuned in
this relatively high-shelf seding; basinward (to the .south) a
bhck,  phosphatic  facies  is  wellrdeveloped  in  the Mound
City.

The Sniabar fimcsfone is the high-stand deposit of
the Sniabar depositional sequence.  At this location, as well
as a[ most lacalions to the south, it is primarily a rehtively
open-marine phylloid-algal and skeletal wackestone.  Scat-
tered clusters of rugose corals that appcar to be in growth
positionarefoundinthisunitncarthebridgeadjacenttothis
Stop.

The upper portion of the Sniabar exhibits abundant
evidence of subaerial exposure.  Depressions along the sur-
face of the unit are hyered with laminated calcrete.  Chalky
micracrystalline caliche  that contains  clasts  of laminated
calcrete accus along the upper few centimeters of the Sni-

abar,  in  direct contact  with  the presumably  open-marine
skeletal wackestone.  In addition, rhizolith systems 3-5 cm
(I.2-2inches)indianetermadeupofcalcreteaswellasmm-
sized  tubules  penetrate  extensively  through  much  of  the
Sniabar Limestone.   Some beds within the Sniabar appear
more altered than others.  Associated in situ breeciation and
michtizalionofthehostcarbonateispervasive,withmultiple
episodes of subaerial exposure possible. Internal dissolution
andcalichificationoftheunitapparentlyoccunedwhfleonly
the upper part was exposed, in sinilar fashion to observed
diagenesis of Pleistocene calbonate rocks in south Florida
and the Bahamas (11. Wanless Jr., personal communication,
1988).

Although  it is  only  9  ft  (2.7  in)  thick  here,  the
Snial)arLimestonefomsacarbona[e-bankcomplexupro90
ft (27 in) thick roughly 120 mi (190 kin) to the southwest of
here in association with thirming of the underlying Pleasan-
ton sfliciclastic platform. An exposure of the marctn of bank
will be seen at Stop 11 on the second day of the ulp.

The EJm Bra#c4 She/a is about 2.5 ft (0.8 in) thick
and consists of an unfossilferous gray mudstone succeeded
upward by a coaly stinger, fossiliferous shale, and a thin
carbofrate.The.Sniabar-Swopesequenceboundaryisplaced
at the coaly stringer. which marks the initial marine incur-
sion.

The Middle Creek LiTneslone is a:bout 2 £t (0.6 in)
thick and is a dark-gray to gray phylloid-algal wackestone.
TheMddleCreekistheregionallyextensivemarine-flood-
ing unit near the base of the Swope sequence.  Brachiopods,
bryozoans. and corals that are commonly bored occur at and
nearthebaseoftheunit.Patchesofphylloidalgaethatappear
tobeingrowthpositionarealsocommonintheMiddleCreek
Limesrone.

The Hz4fhpwcbey SAC/c is the black. phoaphatic,
highly radioactive condensed section within the Swope se-
quence.   It can be correlated from this location into Okla-
homa, Iowa, and eastern Colorado. everywhere maintaining
its  black.  phosphatic  character  except  on  major  positive
features of the shelf (fig. 26). Uranium concentrations in this
shale vary  locally  from  20  to 200 ppm  (Coveney,  1985).
Enrichmen( of other metals is common in the Hushpuckney
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Shale as shown by analyses from Iowa and Missouri. includ-
ing a location near this exposure (fig. 7-3, Marin. 1982).

The Hushpuekney Shale is an exceuent marker bed
(fig. 4) that represents one of the most significant glacial-
eustatic inundations in the midcontinent aleckel,1986). The
transition from Middle Creek Limestone to black Hushpuck-
ney Shale is typically knife-shalp, in contrast to transitional
changes at the bases of other condensed sections.  The upper
portionoftheHushpuckneyShalecousistsofgrayshalethat
is transitional with the overlying Bethany Falls Linestone.
Occurringwithinthistransitionaredaric-shale-filledbulirows
tha[havetentativelybeenidenlfiedaszpapdycos.Although
i( is a common  trace fossil in many  marine settings, Zb-
apdycoJ tends to be more common in some rehtively deep-
water (Ekdale and Bromley,  1984)  or poorly oxygenated
(Savrda and Bottjer, 1987) settings.

IncontrasttotheHushpuckneyShale,theoverl)ting
Bc/hany Fa//s Li.me5/oAc  reflects  deposition  in  relatively
shallow, open-marine to very shallow, apparently resthcted-
marine conditions.   The basal bed is made xp of nonargil-
laceous light-gray skeletal wackestone that contains abun-
dant blue-green-algal-coated  skeletal grains and  scattered
phylloidalgaeaswellasscatteredwormsandmbularForan-
inifera.  Above that, the Bethany Falls consists of an interval
of relatively open-marine phylloid-algal and skeletal wack-
estone that passes upward into vinually unfossiliferous lime
wackestone to mudstone.

The rather abrupt transition from the pres`mably
deep-water Hushpuckney Shale upward into algal limestone
with  essentially  no intervening  deep-shelf carbonates  ap-
pears  to  represent  a  period  of  shallowing  during  which
carbonate sedimentation was inhibited. Renewed carbonate
accumulation may be related to high-stand progradation of
the carbonate platfom from the north (landward).

Inmanyplacestothesouthofthislocationtheupper
BethanyFallsLimestonecousistsofooliticgrainstonethatis
similar to the reservoir facies in coeval strata in central and
westemKansas.ThiswnlbeseenatStop8onthesecondday
of this trip.  However, a[ this stop the t]pper portion of the
Bethany Falls Limestone is a rubbly, brecciated unit that
contains abundant mm-sized tubular rhizoliths. This surface
is  behieved  to  record  the  effects  of prolonged  subaerial
exposure and can be traced in outcrops and cores across the
northern midcontinen( shelf.

The distinct mottling as well as localized in situ
breeciation. both of which extend down into the Bethany
Falls, are also beneved to be associated with subaerial expo-
sure.   The mottling, which is characteristic of the Bethany
Falls, appears to be rela(ed  to the infiltration of meteoric
water during the expesiire event  Nollsch (1983) found that
the dark mothes were microapar and that the lighter areas
were less-altered micrite.  He noted that the dark microspar
was isotopically lighter in both carbon and oxygen than the
micrite  and  suggested  that  these  variations  were  due  to
meteoric  diagenesis.    Heckel  (in  press)  suggests  that  the
microsparnodulesreportedbysteinen(1982)inlimemudon
AndroslshndintheBahamasareanalogoustothemottlesin

theBethanyFalls.Steinen(1982)atinbutedthedevelopment
of the Holocene nodules to meteoric phrcatic diagenesis.

The Ga/esbprg She/a at this location is a blacky
mudstone less than 3 ft (1  in) thick tha( is covered in most
places.   It represents a period of extended soil formation
during the exposure event that terminated deposition of the
Swope depositional sequence (Schutter and Hcekel,  1985).
Southward ®asinward) in Kansas this unit thickens into a
lithologicallyheterogencoussihciclasticpackagethatattains
thicknesses of more than  130 ft (40 in) near the Oklahoma
border.  These sediments were derived in large pat from the
OLiachita mountain from( to the south.  Major clastic wedges
madeupoffluvialrdeltaicanddensity{urrentdepositsfilled
much  of the  basin  during  this  episode.    Some  sediment
bypassing across the northern shelf is also indicated; prove-
nance studies are being  initiated in  order to ascertain  the
relative importance of these potential soLirce areas in east-
central Kansas.  Deltas and associated submarine fans pro-
graded across the Arkoma basin through eastern Oklahoma
and onto  the  edge  of the carbonate  shelf in  southeastern
Kansas (see introduction for further paleogeographic infor-
nation).  These sands converge and thin northward to form
important oil and gas reservoirs in combimtion structural-
stratigraphic and structural traps in parts of southern Kansas
and northern Oklahoma. where they are termed the "Leyton
sandstones."   A  thick  section  of more basinal Galesburg
Shalewinbeseenatthelaststoponthesecondday(S[ap13).

Southward ®asinward) the Ladore Shale and the
Mound Valley Limestone occur between the Bethany Falls
andtheoverlyingGalesburgshale(figs.9,10,andll);atthis
upper-shelf location these units were most likely either not
deposieedoreroded.Thestratalarchitectureandsignificance
of the Ledore and Mound Valley wnl be examined in several
stops on the second day.   In addition, cores that span  the
basin-to-shelfsettingandillustratethedramaticstratalchanges
that occur in the Swope sequence, including development of
the  Mound  Valley Linestone  and Ladore  Shale.  will  be
availatle for your penisal this evening.

The S&ar* She/c is the condensed section within the
Dermis sequence.   In most places south of this location a
marine  flooding  uni(,  the  Canvnle  Linestone,  is  present
abovetheGalesburg,butatthisrelativelyhighshelfposition
itispoorlydevelopedorabsent.TheHushpuckneyandStark
shales and associated marine-flooding units are widely cor-
relative intervals that can be mced southward into the detri-
tal-sedimentary pile in Oklahoma 300 mi (483 kin) distant
(fig. 16) and over 400 mi (644 kin) west across the carbonate
shelf into western Kansas.

The in.A(erse/ ££mcsione is the intemally complex
upper  Dennis  cartx)mate  unit  previously  described  in  the
exposLire at Stop 6.  It has tentatively been divided into three
parasequences (minor sequences) a( this location: about 50
mi(80km)tothesouthnearJingothisunitconsistsofatleast
three and probably four parasequences. Some of these in inor
shallowing-upwandunitsmaybeduetoeustaticpulses,while
others may be entirely local in origin. Note the accunence of
the thicker medial shale and the parasequence boundary i(
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overlies and the Coir[posi.(a brachiopod bed below the cross-
stratified oolitic grainstone.  Note also that the oohitic unit is
only 6 ft (1.8 in) thick here while in Stop 6 the equivalent
deposit  is  up  to  13  ft  (4  in)  thick.  Autogenic  processes
controlled thickness and facies variations within this parase-
quence.

The Coxposz'/a bed is continuous and uniform in
thickness along this exposure.   The brachiopods are com-
monly coated with blue-green algae. with the coatings being
thicker in the upper part of the bed.  Upwardoriented geo-
petal fabrics are common.  Sedinents in this bed may have
been tranaponed by storm cunents and later coated during
day-tcrday  current  activity.    Subsequently.  this  bed  was
covered by  cross-stratified skeletal  and oolitic  sand. Un-
ccated brachiopods and other skeletal debris accumulated at
the toes of foresets here, much like at Stop 6.

Theplatymudstoneontopoftheoonticgrainstone
contains lenticLilar beds of shalpbased marine grainstone
containingwoodfrogments.Thisistentativelyinterpretedas
an event bed that was deposited in a peritidal setting.

Hertha
Sequence
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The  Fonfan4  She/c  consists  of platy.  laminated
mudstone near the base. passing upward into more radioac-
five gray shale. The upper boundary of the Dennis sequence
is placed in that transitional interval.

TheB/ockfi.meslo#eisaveryfossfliferousmarine-
flooding unit of the Cherryvale sequence.

TheWcaSha/cispresentintheupperportionofthis
expsue.

TheWesJcrvI.//cfincsfoncexposedattheropofthis
roadcut is a phylloid-algal wackestone overlain by cross-
stratifiedoouticandskeletalgrainstone.Thisunitthickeusto
over20ft(6m)ofgrainstonelacallyaroundRaytown,0.5mi
(0.8 kin) to the east. and can be seen across 1435 from high
points on this exposure; there it is a thicker cross-stratified
graiustone.  The Westervnle may be equivalent to the Drum
conteathdependence,Kansas.TheChenyvalesequence,of
which the Westervine is a part apparently consists of five
distinct shoaling-upward units in an 80-ft (24-in)-thick sec-
tion in the Amcoo Cox core in IIaskeu County in southwest-
ern Kansas.  While the Cherryvale is a thick unit here and in
southwestern  Kansas,  the  Cherryvale  marine  inundation
reachedonlyasfarasthenorthwestemKansasshelf(fig.37).

Interval
exposed
at  Stop  6

9,a..nc.  S',,,I,,,ply
•         S.Qu.I.c. bour.dan/

-Fkxsong surlm
P-Para..qu.I.co ttoodinq 8urlac.

C        Cone.n..a scoon

Eros.onal sort.c.

S         Sue..nat.xposor.

•-------  LITHOIOCIC  BOuNOARl€S

•.............   SEollENCE  BOuNOAHIES

•............. PARASEOuENCE   BOuNOABIES

FIGURE  7-l-MEAsuREI)  sEcmoN  oF Srop 7  (Rayto`m)  accompanied by  gamma  scinullometer profile  (recording  every  1  to  2  ft).
Formations listed dour middle of diagram.  Sequence-stratigraphic terlns are indicated on the left.
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S                             I-                       14  MILES                         -I_
21   MILES                                 -'

S€NESw   36   T52ri  flo.w

rv

FIGURE  7-2INORTH-soun]  sTRATIGR^prmc  G^MM^-roe  cRoss  sECI[oN  (STARK  SFi^u  DATUM)  FROM  welds  IN  VlcINITr  or  STop  7

(index map in fig. 6-1).  Correlations based on gamma-I.ay chancter of hthologic units.  Sequence boundaries are established with
nthologic irformadon carefully correlated to gamma profiles.
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Stop  8    Farlinville  North  quarry:    Mid  to  upper  Bethany  Falls
Limestone,  Galesburg  Shale,  Canvflle  Linestone,  Stark  Shale,
lower portion of the Winterset Limestone

Leation:  E# SW sec. 34, T. 20 S.. R. 23 E.. Lirm County, Kansas

DAY2

Arive: 8:20 AM
have:  9:20 AM

(30 minutes to next stop)

CoutHbutors..  John Freru=h, Lynn Watney, and Even Frarseen

Introduction

Exposed at this stop are the upper porion of the
Swope sequence and the lower portion of the Dennis se-
quence. This location is a lower shelf setting about 55 mi (17
kin)  south-southwest of Stop 7. in  which  the  Swope and
Demis sequences were also observed (figs. 1 and 4).  Fig, 8-
1  provides  a map of the  local  area  around  Stop  8.   The
emphasis at this  stop  win be on  the  sedinentologic  and
stratigraphic relationships associated with the shallowing-
upward phase of Swope deposition, the Swope+Dennis se-
quence boundary, and the overlying marine flooding, con-
densed-section developmenl and initial shallowing-upward
succession of the Dermis sequence (fig. 3).

Stratigraphy

The upper 13 ft (4 in) of the Bethany Falls Lime-
stoneisexposedinthelowerwallofthequarry(figs.8-2and
8-3).  The total thiclmess of the Bethany Falls is 23 ft a in)
in a rcadcut on Hghway 7, located  1  mi (0.3 kin) to the
southwest of the qny.

Here in  the quarry  the lower 7  ft (2.1  in)  of the
Bethany  Falls  is  composed  of nght-gray  to  gray  skeletal
wackestone and packstone that is typically mottled. Parts of
thisunithavebeenalteredtolight-gray,chalkymicroapa(;in
pfaces,  fchric relationships  suggest vertical  piping  of the
fluids that were reaponsible for this alteration.

The xpper 6 ft (1.8 in) of the unit consist of crass-
stratifiedcoliticgrainstonetopackstone.Thecoliticforesets
overlie  an  apparently  scoured  surface  at  the  top  of  the
underlying riner- grained unit.  Remnants of unfossiliferous,
laninatedlimemudstonehavebeenobservedatthetopofthe
lowerunitimmediatelybencaththecohteonthewestwallof
the quarry. The presence of this lime mudstone suggests that
shauowing to a peritidal setting may have occurred prior ro
deposition of the oolite;   evidence of subaerial exposure at
this sLirface remains equivacal, however.  Detailed petrogra-

phy and carbon-isotope pro filing may yield answers ro these
questions.

Although the Bethany Falls at this location is in a
lower  shelf setting  than  it  was  in  the  Kansas  City  area,
evidence of intense subaerial exposure is sdil apparent   A
discontinuous, brown micritic carbomte that is riddled with
what  appear to  be  root  tubules  cx=curs  in  the  uppemost
portion of the unit  Vertical pipes fiued with greenish, shaly
material are also  ubiquitous  in  the upper few  feet of the
BethanyFalisLimestone.Thispipingisassaciatedwithvugs
andcavities,manyofwhichextendupwardtothetopsurface
of the unit (fig. 8-3). There is considerable small-scale (<1 ft
or 0.3 in) relief on this surface where it is exposed in the
quarry, but no larger-scale solution features have been ot)-
served here.  Abundant oomoldic porosity in the underlying
upper Bethany Falis probably  resulted  from  an  influx  of
meteoric water during this exposure event  Cceval K-zone
reservoirs in western Kansas typically produce from similar
oomoldic reservoirs.   Further work is underway ro under-
stand the regional panems and significance of this type of
early diagenesis in the context of sequence stratigraphy and
petoleum-reservoir developm enl

The  G4/csburg She/c  overlies  the  Bethany Falls
Limestone. It is a complex unit about I .5 ft (0.5 in) thick. The
basalportionoftheGalesburgisagreenishblcekymudstone
interpretedasthepaleosolassociatedwithpost-Swopeexpo-
sure.   The upper part of the  unit is a sandy siltstone that
containsalinitedmarinefauna;itrecordstheinitialphaseof
themarineincursionthatresulledindepositionoftheDennis
sequence.   The boundary between the Swope and Dennis
sequences is placed at the top of the paleosol.

The Canvi.//c ft.nzcs/one is a marine-flooding unit
and represents a continuation of the major marine flooding
associated with the Dennis sequence.  Myalinid clams occur
over the lower surface of the Canville Limestone.   Bored
spirifcrid  brachiopods  and  scattered  fish  phtes  mark  the
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uppersurfaceoftheuritimmedia(elybeneaththeStarkblack
shale.  These features indicate reduced rates of sedimenta-
tion,whichprobablyresultedfromanincrcasingrateofbase-
levelriseandtheresultingdeep-marineconditionsunsuitable
for carbomte producers.

Above the Canville Limestone lies the S/art She/c.
the condensed section of the Dennis sequence.  This shale is
for the most part black, fissile, phosphatic and rich in cono-
donts, some of which can be seen with a hand lens by the
patient observer.   Fragments of woody-plan( material also
cocur in the Stark at this quany.  A gray, silty shale overlies
the black shale.  This interval becomes increasingly calcae-
ous upwards, and brachiqpods, bryozoa, and crinoids be-
come common.  A simnar biota is found in the base of the
overlvingwz.nfoucf£Imcslonc,whichalsocontainsphylloid
al8ae.

Farlinville North roadcut

Approximately  1.5  mi  (0.5 kin)  from  the quarry
entrancewecrosstheedgeoftheBronsonescarpment.along
which is exposed the Bronson Subgroup of the Kansas City
Group.inaroadcu[justsouthwestofthequalry(fig.8-1).the
top of the Pleasanton and the Hertha and Swope cyclothems
areexposed(fig.84).Thissucoessiontypifiesthesestralain
a mid- to lower-shelf setting. Although the thicknesses of

most of these units are about the same as their counterparts at
Rayrown (Stop 7, end of day one), there is evidence in this
sectionthatthedepositionalhistoriesofthesesequeneeshave
been recorded with more fidenty than higher on the shelf.
This is tnre regarding both the marine-flooding event that
inihated Dennis sequence deposition (see above). and in the
E/in BrancA She/c, which includes the lower portion of the
flooding unit of the Swope sequence. About 4.5 ft (1.4 in) of
thin sandstone ovedain by a stromatolitic molluscan hme
mudstone represents the initial flooding event of the S wope
sequence. A thin shale separates this limestone from several
feet of mddle Creek Limestone, which is the marine-flood-
ing  unit immediately below  the condensed  section repre-
sented by the Hushpuckney Shale.

The Cn.&cr dr.mcs/one has not yet been examined
on the trip, but becomes inportant in Stops 9 and 10.  It ties
beneath the Mound City Shale. which  includes  the lower
sequence boundary  and condensed section  of the Hertha
sequence.  At the Farlinville North qualTy, the Critzer Lime-
stone is 2.5 ft (0.8 in) thick. a thickness typical of this unit a[
thisshelfposition.Attheupper-slopebreakintheunderlying
Pleasanton.  the Critzer attains  thicknesses  of up  to  25  ft
(almost  8  in)  or more.   Marine  flooding  associated  with
Critzer deposition probably caused the cessation of Pleasan-
ton delta progradation in this area and led to formation of the
relatively  steep  Pleasanton  slope along  the  shelf-to-basin
transition in southeastrm Kansas (figs. 4 and 5).
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FIGURE  8-2.    MEASURED  sEcmoN  oF F^RLoNvm2 NOR"  Qu^RRy  ExposuRE  ^T  Srop  8.    Section  includes  gamma-ray  profile  and
Sequence-stratigraphic symbols.   Bethany  Falls  Limestone Member of the  Swope  Limestone.  Galesburg  Shale,  and Canville
Limestone, Stark Shale, and lower pordon of Wintcrset Limestone members of the Dends Limestone are present along the wans of
the quay.

HGURE 8-3  (A. 8,  and C)LWEST w^u oF F^RunvuE NORTh Qu^RR¥ (A AND 8).   BEltl^NT F^u,S L"EsroRE @F), G^u2SBunG
SH^di  (GA).  C^NVIm  l"EsioNE  (CA).  STAI|c  SriAlE  (ST),  AND  WINiERSFT  l"EsroNE  (WI)  CAN  BE  TRACED ARoirNI)  QUARRY
WALLS.  C) Close-`Ip of top of permsylvanian subaerially weathered Bethany Falls (B F) and palcosol in lower Galesburg Shale. This

paleosol forms the sequence boundary between Swope and Dennis sequences.
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Stop 9  Xenia Northwest.  Uppermost Pleasanton through Bethany
Falls Linestone

Lceation:  Center SA SW see. 23, T. 23 S., R. 22 E., Bourbon County, Kansas

inve:    9:50AV
Leave:     10:10AM

(10 minutes to Stop 10A)

Corlhibuto".  Lyrm Watrley, Phil Heckel. and John French

htroduction

The outcrop exposed at Stop 9 contains the last set
of shelf strata that wnl be seen on this hip, as later stops win
be a[ slope or basinal positions.  Significant stratal changes
winbeseenasweproceedthroughthelastporionofthisfield
tip.

Stops 9 and 10 will be handled differently from the
other stops on the trip.  First, Stop 9 will be very brief (20
minutes); we win examine only key fcaaires of shelf succes-
sion that win be useful in understanding correlations as we
cross  the shelf-slope-basin  transition  in  the next series of
stops.  Stop 10 is composed of a series of three "drive-bys,"
where Philip Heckel win point out stradgraphic units that
have been  useful in  his attempts at recognizing the shelf-
slope-basin transition and in estabnshing correlations in the
outcrop in order to understand the depositional history of
these units.   Exposure of the slope succession is generally
pcor, and those exposures that exist are few and isolated.  It
has only been over the last few years that Phil Heckel, AIlan
Bennison.andothershavedefinedcorrelationsintheoutcrop
along this slope serfug.

Thinning of the Pleasanton Group revealed by the
thickness of the interval from the Nuyaka Creek [o Mound

Cityshalesisontheorderof120ft(37m)inadistanceofless
than  5  mi  (8  kin;  figs. 4  and  5).    The  overlying  Hertha
sequence thickens abruptly outboard of this slope t)Teak to
formanalgal-moundcomplex(figs.4and6).arepresentative
of which will be seen later at Stop 11 at Uniontown.

Stop9andthedrive-bysassociatedwithSt.op10(a,
b,andc)revealabruptlateralchangeinthestratigraphyofthe
upper portion  of the  Pleasanton  in  a  slope  setting.    The
depositional dip of these strata is southeastward from Stop 9.
This is in contrast to a predominant southerly slope in the
subsurface to the west (fig. 5).  Therefore, the regional cross
sectionnearstop9(fig.4)isactuallyorientedalongthestrike
of the shelf at the location of this stop.

A cross section based on sulface exposures shown
in fig. 9-2 links Stop 9, Xenia Northwest (XNW) with the
drive-bys at Xenia Northeast (XNE; S top 10a) and Mapleton
Northwest OINW;  Stop  lob).   The  index  map  (fig.  9-I)
shows  our  traverse which  will  be down  the  slope  of the
Pleasanton delta  After Stop lob we will continue to Turkey
CreekEastqcE;Stop10c).TCEisalsolocatedontheslope.
Stop 11 is located considerably down the slope from Stop 9.

Stratigraphy

The measured section and gamma-ray profile for
Stop9areincludedinfig.9-3.TheCrl.fzcr£!.mc5(oneisabout
9 ft (3 in) thick. making it thicker than its shelfal equivalent
Here it is   intexpreted to be in a shelf-margin  setting.   A
flooding surface occurs a( its base.  This lower surface rests
onasiltstonetoveryfinegrainedcalcareoussandstoneinthe
uppermost P/casanlon Group, which is interpreted as delta-
frontsandstonedepositedduringinitialmarineflooding.The
shale and sandstone extend possibly 100 ft (30 in) dorm the
slope of the hnl.  The shale below the Critzer Limesrone is
referred to here as  the mu.dr/c Plcasan/on she/c.   Thicker
sandstones  of the Plcasanton  Group,  interpreted as  delta-
frontdeposits.cropouttothenortheastnearMoundCityand
Pleasanton.    At  this  location  the  Critzer  Limestone  is  a
shallow-water limestone throughout. It contains snails filled

with blacky calcxpar with lange internal molds interpreted as
an indication of metcoric diagenesis (Underwood, 1984).

The7-ft(2.1-in)-thick4fozzndci.tysha/cthatover-
lies the Critzer Limestone is a complex uni(.  There is 0.5 ft
(0.15  in)  of green,  very  fossififerous,  conodont-rich clay-
sLone overlain by a thin limestone, 3 ft (1 in) above the base
of the Mound City Shale.  The thin green shale contains the
three conodont genera Lha[ usually characterize black phos-
phatic  shales.    The  shale  and  limestone  combination  are
interpreted by Heekel (1985) as a "core" interval.  Stop 9 is
though(tolieaboveananoxiclayerthatdevelopedbasinward
during flooding and deepening associated with deposition of
a condensed interval in the Mound City Shale.   Inundation
wasapparentlysorapidthatacarbonatemarine-floodingunit
was not deposited,  No elevated gamma radiation is noted in
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this interval. The core shale or condensed section within the
Mound City Shale is typically gray to dark-gray shale on the
shelf north  of Linn County, Kansas. all  the way to Iowa.
Basinward,theMoundCityShalegradestophosphaticblack
shale and forms an exceuent subsLirface marker bed (fig. 4).

TheSniabarfz.mcfloAcisrehativelythina(thisstop.
It  is  only  3,5  ft  (1.1   in)  thick.  typical  of  its  shelfurard
shallowing-upward equivalents. Although the upper surface
ofthesniabarLimestonehereshowsnodistinctivesubaerial-
exposure features, pitted calbonate lithaclasts occur at the
base of the overlying Elm  Branch  Shale;  these clasts are
presumablyerosionalremnantsrelatedtoanexposureevenl
CarbonatepebblesalsoffllcracksextendingintotheSniabar
Limestone at a lcK:ation 10 mi (16 kin) northeast of here.

TT\eElm8ranchShaleconlainsapochydevetoped
paleosola[itsbasethatisoverlainbyadalk-grayargfl]aceous
siltstone containing abundant woody-plant debris and bi-
valve impressions. The base of this daric-gray siltstone is the
lower boundary of the Swope sequence.

At4ft(1.2m)thick,the"idd/ccrcck£!.mcsfo*cis
a relatively thick flooding unit of the Swope sequence com-

prising the upper portion of this surface exposure.  The unit
is rich in phynoid algae and contains a diverse fauna.

TheHurkyacfucysha/cistheprominentcondeused
section of the Swope sequence very similar to that seen at
Stop 7.   A burrowed siltstone above the black-shale facies
similarly resembles the gray shale that is found above the
bhck  shale  al Raytown.    The  black  Hushpuckney  Shale
persists throughout most of the shelf and basin, becoming
richly phosphatic in the basin.  It is an excenent gamma ray-
log marker bed (fig. 4).

The Bethany Falls Limestone ±s simnar ro that seen
at S top 8. composed of a mouled wackestone a[ the base and
anooliticgrainsoneinitsupperpart;thetopoftheunitisnot
exposedhere.Mostofthecoidshavebeenleached,resulting
in either comoldic porosity or molds fflled with calcite spar.
The lower contact of the oolite with the wackestone is sharp,
suggesting scouring prior to accumulation of the grainstone.
The widespread ootite within the Swope sequence on the
southern shelf suggests deposition on a ramp much like that
inferred in southwestern Kansas around the margins of the
Anadarko basin (Wamey. 1985b).
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Stop 10  "Drive-bys" of (a) Xenia Northeast (XNE):  Critzer
Limestone (Bourbon flags) on shelf slope, (b) Mapleton North-
west (MNW), and (c) Turkey Creek East (TCE)

I.ocation:  Stop 10A, S¢ SW sec. 23, T. 23 S., R. 22 E.
Stop loo, NW NW NW sec. 29, T. 23 S., R. 23 E.
Stop 10C. NW NW NW scc. 7, T. 25 S.. R. 23 E.
Bourbon County, Xchsas

Arive:   10:20 at Xenia NE (Stop 10a)

(Thve-bys on the way to Unionto`hrli. Stop 11)

Cor"tourors.. Lynr. Watney , Philip H . Heckel, and John French

htroduction

Stop10Aisadrive-byofxeniaNonheast.location
is 2.5 mi (4 kin) east of S.top 9 (fig. 9-1).  Slap 10 is labeled
XNE on cross section in fig. 9-2.  It includes an exposure of
the Bourbon flags, an alternating carbonate and siliciclastic
package that is developed exclusively as a slope facies,  The
Pleasanton Group thins to the east-southeast at about 5 to 15
ft per mile (0.33-2.9 in/in; figs. 5 and 9-2).  This thinning
resultedinaslopethathadasignificanteffectonthestratigra-
phy of the upper Pleasanton.  h particular, abrupt changes
occur in  the  interval  from  the  Exline  Limestone  marker
upward (fig. 10-2).  One of these changes is the appearance
of the Bourbon flags and attendant changes in the Critzer

Limestone,aswellasthecx=currenceofawedgeofsiliciclas-
tics above the Critzer in the interval equivalent to the Mound
Cityshaleontheshelf.Conodontbiostratigraphyispresentry
being  used  to  further  resolve  conelatious  from  isolated
exposures such as those shown in fig. 10-2.

Preliminary findings of French indicate while the
basic conehtions of the outcrop are verified. as seen in fig.
10-2,differentstratalgeomeriesexistinthesubsurfacetothe
westalongtheronewherethepleasantonGroupthins(fig.4).
The siliciclastic wedges observed above the Critzer Lime-
stone apparently did not affect the western part of the Pleas-
anton delta (fig. 4).

Stratigraphy

Stratigraphy at Stop 10A, Xenia Northeast
(XNE)

The Bourbon flags compose the lower two-thirds
(35 ft [10.6 m]) of this exposure in Stop loA 0(enia NE; fig.
10-1).

Middle Pleasanton shale present beneath the Bour-
bon flags is not exposed here, but is found in a spillway 0.5
mi(0.8km)eastofthislocality.Thismiddlepleasantonshale
consists  of thin-bedded gray  claystone and  siltstone with
intervals of atundant fossils, particularly crinoids.   These
stratareflectsuspensionsedinentationassocia[edwithpleas-
anton delta progradation.

TheBourbonflagrseenhereinstopl0Aconsistof
a  succession  of  alternating  argillaceous  and  silly-lime
mudstone and calcareous silly shale with very sparse marine
fossils®rachiopods,crinoids,smils.conodonts+diogna/ho-
dJLf) and well-preserved plan hagments. The Bourbon flags
are thought to represen( intermittent episodes of carbonate
accLimulation during generally rapid sinciclastic sedimenta-
tion, as evidenced by the paucity of fossils and good preser-

vation of plant fragments, The unit was deposited in a stable,
open-marine environment, as indicated by the presence of
stenohalinecnganismssuchascrinoidsand/dfogna(hodus(a
conodonc Heckel,  1985).  This unusual depesitional motif
took place along the slope of the Pleasan[on delta during a
time of marine flooding associated with the Critzer Lime-
stone,identifiedhereasaparasequencewithinthepleasanton
sequence (fig. 3).

ThesntyandcalcarcouslayersoftheBourbon flags
show hiule contrast in natural gamma radiation as measured
atthisexposure,56to68cps(countspersecond)forsiltstone
and carbonate and 56 to 74 cps for the less resistant shaly
intervals.  Therefore, the detection of this slope facies is not
likely with only a gamma-ray log.  Rather. distinction of this
facies would require a suite of logs sensitive to this variation
in lithology such as neutronrdensity and possibly resistivity
logs.

The  base  of  the  more  typical  Crt.(zcr fz.7rzcsfonc
occurs above the Bourbon flags.  The contact is gradational,
with limestone beds become thicker and more fossiliferous.
Athin.abradedskeletalgrainstonewithasharp,scouredbase
occurs near the base of the Critzer Limestone.   This grain-
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stone indicates either shoaling or deposition during an event
such as a storm.  This graiustone is overlain by a phylloid-
algal wackestone that is succeeded upward by fassniferous
gray shale in the lower Moitnd Ci.ty SAC/c. The lower portion
of the Mound City Shale (below the thin Mound City con-
densedsection)thickensfartherdownslopeandisreferredto
by Heckel as the upper Pleasanton shale (figs. 9-2 and 10-2).
While this shale is 5 ft (1.5 in) thick here, it is 15 ft (4.6 in)
thick  at  the  spillway  0.5  mi  (0.8  kin)  east  of here.  in  a
basinward direction.

The Swiabar £Imes/one occurs as slump blcx:ks on
the hiuside above this exposure.

Stratigraphy Stop lop at Mapleton Northwest
OVINW)

This drive-by iuustrates the abrupt change in strati-
graphy in a lower-slope position 3 mi (4.8 kin) cast ®asin-
ward) of Stop 10A (fig. 9-1).  The stratigraphic section seen
at this stop is shown on the right side of the cross section in
fig. 9-2, labeled MNW.  The regional cross section based on
surface exposures also identifies Mapleton NW (fig. 10-2).

The exposure includes the interval from the Bour-
bonflagsatthebasetotheSniabarLimestoneatthetap.The
middle Pleasanton shale (interval below the Bourbon flags)
is  estimated  to  be  30  ft  (9  in)  thick  here.    The    Critzer
Limestonepout>on flags interval is approrimately 13 ft (4
in)thickwhereexposedatthefootofthehminthedriveway
on the south and along the creek bank to the north.   The
lithology is lime mudstone with scattered phyuoid algae at
the `op. The Critzer Limestone|Bourbon f oags is intexpraed
by Heckel to represent the toe of the slope.

Thekpperp/casan/onsha/cabovetheflags(andthe
shale  beneath  the  condensed  section  of the  Mound  City
Shale), mostly covered in this outcrop, is composed of 44 ft
(13.4 in) of prodeltaic shale.   This interval has thickened
progressivelyfromthexeniaNWwhereitwasonly3ft(1m)
thick.  The condensed section (or core shale) of the Mound
Ci[yShale,foundinthebankalongtheroadcut.consistsof2
ft (0.6 in) of black. conodont-rich shale and an overlying
ealthy,  crinoidal  limestone.    This  is  the  regional~marker
horizon extending from shelf to basin recorded in both the
surface exposures (figs.  10-2) and subsurface data (fig. 4).
The shale in  the upper Mound City Shale above the con-

densed section is composed of 13 ft (4 in) of gray prodeltaic
shale.  This shale thickens southward a( our next drive-by at
Turkey Creek East (Stop lee).

The Snlabar i z.7rzcs/our, located at the top of the
roadcut. contains 9  ft (2.7 in) of grainstone overlain by a
skeletal wackestone. This lower grainstone is also present at
Uniontown (Stop 11), where you win have a opportunity [o
examine it more closely.

Stratigraphy Stop 10C at Turkey Creek East
(TCE)

This drive-by at Stop 10C is located 9 mi (14.5 kin)
south of the previous stops at 9 and 10 A and 8. Stop 10C nes
parallel to the slope and snghtly fwher down the slope from
these previous stops.  Turkey Creek East is identified in fig.
10-2.

The section includes the interval from the Exline
Limestone to the Sniabar Limestone.  The Ej:/inc ffroj'fc)nc
is exposed along the bank of the rcrad ditch near the road
intersection.  The Exline Limestone is composed of 1 ft (0.3
in) of skeletal wackestone. unlike the Bourbon flags nthol-
ogy.  Characteristic conedonts have permitted regional cor-
relation of this thin limestone in the outcrop from Iowa to
Oklahoma (fig. 10-2).  The Exline Linestone is the marine-
flooding  horizon  on  which  southward  progradation  and
downlap of the Pleasanton delta occurred. The Exline Lime-
stone is interpreted as a parasequence within the Pleasanton
sequence (fig. 3b).  This thin limestone is a good subsLlrface
marker in many places and is clearly recognized in cores to
thewest.Thishorizoncanbeexaminedcloselyatuniontown
(Stop  11).

TheapperandmiddlePleasantonshalescanTlo\be
distinguished here because the Bourbon flags and Critzer
Limestonearenctdeveloped(fig.10-2).Thelatterunitshave
apparentlydownhppedontotheExlineLinestonehorizonor
havepinchedouLTheshaleintervalis43ft(13m)thick.The
Mo«nd Ci.ty She/c condeused section (core shale) is devel-
oped  here  as  4  ft  (I.2  in)  of black  shale  with  abundant
conodonts.  This unit is seen low in the roadcuL  Thiny feet
(9 in) of prodeltaic shale with flaggy limesrones are present
in the hillside above.  The SAiabar ft.n!es/one forms the top
of the low hill to the northeast where it consists of approxi-
mately 8 ft (2.4 in) of basal grainstone overlain by phylloid-
algal wackestone.
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Stop 11  Uniontown:  Pleasanton Group, Critzer Limestone,
Mound City Shale, Sniabar Limestone

location:  Center N¢ sec. 34, T. 25 S.. R. 22 E., Bourbon County, Kansas

Arive:   11:05 AM
have:    12:15PM

(lunch whne in transit to next stop, 45 minutes)

Co"hitourors..  Howard Feldman, Chris Maples , Lerore Tedesco. and Harold Wanless , Jr..
withintodnetionbvLymWatney,PhilHeckel,JohaFreneh,andEvanFrarLseen

htroduction

Fig.10-2 relates  the exposed section at Stop  11     anton delta than atTurkey creekEast (Stop 10c: laca[ed4.5
(Uniontown) to the previous stops.   The strata exposed at     mi. 7.2 kin north of uniontown, fig. 9-1 and fig. 5).
Union(own were deposited finher downslope off the Pleas-

Stratigraphy

The interval exposed at Stop  11 extends from the
lower Pleasanton  shale  up  to  the Elm  Branch  Shale  and
represents portions of the Pleasanton and Hertha sequences
(figs. 3b,11-1,11-2, and 11-3). The 1-ft (0.3-in)-thick bed of
Ez/z.ne fz.mesfone, the regionally traccable marine-flooding
unit of the Plcasanton sequence, is present low in the Union-
town exposure on the east side of the road (fig. I I -1 ). It is the
firstwideapreadrmssourianmarineinundation.Asindicated
in the gamma-ray profile of fig. 11-1. the Exline Limestone
is not associated with any elevated naa]ral gamma radiation.
The /owcr P/casan/on she/c is exposed beneath the Exline
Limestone  marker.    The  section  is  mainly  an alluvial  to
shallow marine deposit made up of siltstone and chystone
with scattered marine fossils at the top.  The Nuyalca Creek
Shale, a bhck, radioactive regional marker (the condensed
section  at the base  of the Pleasanton  sequence,  fig. 4)  is
exposed in a ravine west of this roadcuL

The  middlelupper  Pleasanton  shale  (above the
Exline Limestone and below the black shale of the Mound
City Shale, fig. 10-2) has thinned to approximately 20 ft (6.1
in).   As indicated earlier,  the Critzer Linestone/Bourbon
flags interval apparently has downlapped onto the Exline
Limestone north of this site or has pinched out (fig.  10-2).
This shale interval was approximately loo ft (30 in) thick at
XeniaNorthwest(Stop9),13mi(2lkm)nolthattheedgeof
the shelf.

The bhck-shale facies (condensed section and re-
gional marker) of the Moi{nd C!.ty She/c defines the upper
contact of the  middle/upper Pleasanton  Shale  (fig.  10-2).
This black shale, 3 ft (1 in) thick. is poorly exposed near the
culvert on the west side of the Unionro`m exposure ®resent
in lower covered interval in measured section in fig.  11-1).

The upper portion of the Moiind C!.ty She/c above the black-
shale marker is very thick, approximately 30 ft (92 in) here,
as compared to the napped area in the subsurface to the west
(figs.11-1 and 11-2). Thin beds ofmudstone in gray to dark-
gray shale present in this interval contain varying amounts of
crinoidsandbrachiopods,someofwhicharebored,andmce
fossils.

The Sniabar Lfrocf/one forms the prominent line-
stone in  this  exposure.    It thickens  noticeably  southward
across the Uhiontown exposure from 6.5 ft (2 in) to over 20
ft (6 in; figs. 11-2. 11-3. and 114 A).  A skeletal grainstone
occurs at the base of the Sniabar Limestone. This grainstone
unit is thickest where the base of the Sniabar Limestone is
highest  along  the  northern  edge  of  this  exposure.    The
grainstone is overlain by a phylloid-algal wackestone that
containsabundantmicriteandintervalsofvaryingconcentra-
tions of broken algal bhdes. Upright apparently in situ algal
bhadeshavealsobeenfound.SeparatepapersbyTedescoand
Wanless and Feldman and Maples further describe the inter-
nal architeeture and geometry of the Sniabar Limestone at
Uniontown.

Feldman  and  Maples  utinze  the  coral IVcoryrz.n-
gapora, which encrusts depositional surfaces in the Sniabar
Limestone, to estimate episodicity of sedimentation, deposi-
tional  rates,  and  synoptic  relief of the  sediment surfaces
within  the  algal  facies.    They  conclude  that  757o  of the
sediment of the Sniabar Limestone records unusual short-
livedevents.Averageaccumulationrateshereareconsidera-
bly less than these short-ten, episodic events of lime-mud
influx.

Tedesco and Wanless describe burow-generated
facies formed below the sediment surface tha( are similar to
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those observed in modem mud banks and mounds.  Specific
textLires are identified that resemble stom infiuing of exca-
vated btrmw systems.

The  upper  surface  of  the  Sniabar  Limestone  is
irregular and has scattered but diagnostic evidence of Penn~
sylvanian  subaerial  exposure.    A  zone  of calichification
containing rhizoliths and large tubular-rcot systems like that
seen in the Sniabar Limestone at Raytown (S top 7) is present
here. Preservation of the exposure fcatures accurs in depres-
sious  along  the  upper  surface  of the  Sniabar Limestone.
Erosion has apparently removed exposure evidence in the
topographically higher positions (fig. 1148 and C).

A thin interval of E/in Branch She/c is exposed on
the east side of the Uniontown roadcu( in one of the depres-
sions at the top of the Sniabar Limestone.   The shale is a
blacky  mudstone  similar  to  palcosols  seen  elsewhere.
However, the shale is also part of a modem soft proffle with
notable oridation and scattered live rootlets.  This chystone
resembles other blacky mudstones seen in core overlying
subaerially exposed rimestones.   If this is the Elm Branch
Shale, then the depression is not related to the Recen( weath-

ering surface that immediately overlies the Sndabar Lime-
stone.

The presence of subaerial  exposure  in  this  mid-
slopepositionat[eststoasignificantfallinsealevelattheend
of Snial]ar Linestone deposition.  Cores taken farther south
and west in a more basinal position show no evidence of
subaerial exposure at the top of the Sniabar Sequence.

TheSnial)arispartoftheHerthasequencebounded
by  the condensed  sections  developed  in  the  Mound Ci(y
Shale at the base and the Hushpuckney Shale at the top (fig.
4).ThisexposureoftheSniabarLimestoneisrepresentative
of a  thick  phylloid-algal-mound  complex  that  forms  an
accretionary wedge that extends westward in the subsurface
along the south-facing slope of the Plcasanton delta (figs. 4
and 7).   The map(inum thickness of the Hertha sequence
exceeds  loo ft (30 in) along this shelf-to-basin mnsition.
Theslopeassaciatedwiththeregionofmarinumisinplaces
greater than 80 ft/mi ( 16 in/Im). The maximum width of the
phylloid-algal-bank complex  is  approxinately 20  mi  (32
kin).  A discussion of the preliminary interpretation of this
bank margin is found in the Introduction.
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FIGURE  114 (ALSNIAB^R L"EsroNE (SNI) Tic)cENs soLrnrvARI) (to the left). paralleling  the thinning of the underlying Mound
City Shale at Stop 11 (Uniontoun).  The staff resting against the Sriabar Limestone exposure. just left of center. is 5 ft (1.5 in)
long.

FIGURE  114  @  and CLIRREGUIAR  rep oF TRE suB^ER|^iiT  Exposro  PHTLLOD-^Lfi^L  SNI^B^R  L"EsroNE  (SNI)  exposed  on  the
east side of the roadcu[ at Stop 1 1  (Uniontown).  Remnants of the Elm Branch Shale (EB), localized in swales on the irregular top
Surface of the Sriabar, resemble charactcdstics of palcosols seen in core..  However. the shale is part of a modem wcathering
profile making intcrpretaLion indecisive, pending further study..
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Sedimentologic implications of encrusting organisms
from the phylloid-algal mound in the Sniabar Limestone

near Uniontown, Kansas

H o`^iard R. Feldman al\!d Christopher G . Maples
Kansas Geological Survey, lawrence. Kansas  66047

Colony development in the phylloid-algal mound

Encrusting, colonial organisms typically have vari-
able colony shapes that respond to physical environmemal
parameters,andthusmaybemoreareflectionofdepositional
conditions than taxonomic affinities.  S ueh colonies may be
employed  to  intapret aspects  of sedinentation  that may
otherwise  not  be  apparent.    IveoryrI.ngapora,  a  colonial
syringoporidcoral,iscommoninthelowestlm(3.3ft)of the
phylloid-algal mound in the Sniabar Limestone a[ Union-
(own, Kansas (see Tedesco and Wanless, this volume, for
outcrop location). The colonies occur in a phylloid-algal-
fragment-rich wackestone.  Other fossns in the wackestone
includeprinarilybrachiopods(especiallyCo»qporz.ra.IVcos-
pirifer, and Echiraridy  and gasttapods.   Neosyrirlgopora
cocurs in thin sheets (under 5 mm) to thick (tens of cm),
hemispherical masses, almost exclusively in life position.
Rugosecorals.alsoinlifeposition,arecommonlyembedded
in the colonies (see Tedesco and Wanless, this volume, fig.
7a).Thislowestpartofthephylloid-algalmoundrecordsthe
earneststagesofmounddevelopment.TheIVconyr!.~gapor4
corals may be used to estimate episodicity of sedimentation,
depositional rates, and the renef of the sediment surface.
Depositional ra(es  have previously been  interpreted from
favositid colony shapes O'hilcox.1971; Gibson and Brcad-
hcad,1989), but to the best of our knowledge, this is the first
attempt to use syringoporid colonies in this manner.

Earlystagesofcorallumgrowthrecordrapidlateral
expansion of the colony across the sediment surface.  Small
colonies are typically thin aess than 7 mm) throughout with
littleadditionalheightin(hecenml,olderpartofthecolony.
This suggests that early growth was directed fa[erally, not
vertically,  Individual corallites are oriented tangential ro the
sediment surface growing away from  the point of colony
originwithinthelowest2to3mmofthecolony(anA#/opora-
like growth morphology), and are then directed vertically
with subsequent growth.  The lower surface of each colony
thus records the topography of the sediment surface during
earlycolonygrowth.Beddingplanesotherwisearenoteasily
discerned in the mound facies.

Sedimentsurfacespreservedbythecoralsgenerally
arelowandrounded(f]gs.FMlandFM2).Somecoloniesare
essentially flat-bottomed with as liule as 10 cm (4 inches) of
relief along a cross sectional diameter of 75 cm (30 inches).
The steepest inclination observed was a thin colony inclined
atabouta50°angle,withaboutl0cm(4inches)ofreliefover
a horizonul distance of  10 cm  (4  inches;  rig. FM3).   The

corallitesinthiscolonyareorientedverticallythroughoutthe
rouing topography of the colony indicating that the colony
has not been rotated.  Colonies oriented at high angles to the
horizontal dip both to the north and south along the north-
southloadcuLsuggestingthatatthisstageofphyuoid-mound
growth the carbonate mud surface her a low, rolling topog-
raphywithlacaldepositionalreliefoflo'sofcentimetersand
with positive topographic feanires a few 10's of centimeters
in diameter. The steepest surface (50°) over which the corals
grew is greater than the presumed angle of repose for loose
sediment   Possible explanations include that the sediment
was bound together by unpreserved organisms, or that the
sedimentwasfimtohardanderosionproducedtheirregular
surface.

The corals also apparently encrus[ed stromatactis-
like vugs that are par(ially to completely filled with coarse,
isopachous calcite spar (fig. FM2). These vugs are typically
a few (up to about 10) centimeters (4 inches) wide and up to
about 1 cm (0.4 inch) thick.  The corals probably would not
have  grown  bridgelike  over  depressions  in  the  sediment
surface, and even if they  did, carbonate mud would have
sifted through the open mesh of the coral skeleton filling in
such  pockets.    The  fact  that  the  vugs  lack  any  internal
sedinent and are apparently encrusted by the corals strongly
suggests  that  they  represent  an  unpreserved,  soft-bodied
organism.

Implications for sedimentary modeling

Episodic deposition

Coral colony morphology can also be used to inter-
pret  depositional  rates  and  episodicity.    Mud-dominated
carbonates typically are interprcted as accumulating in low-
energy environments.  The micritic core facies of phylloid-
algal mounds is usually interpreted as accumulating between
algal fronds by the baffling activity of the algae (e.g.. Coyle
and Evans, 1987).  Recent re-interpretation of many Paleo-
zoicshales.alsoformerlyinterpretedasdepositedslowlyand
continuously, has demonstrated that there are two distinct
modes of shale deposition: slow background deposition and
rapid episodic  deposition  (see Brett and  Baird,  1986,  and
references therein).  Background deposition occurred during
normal conditions as mud slowly settled from suspension.
The rapidcvent deposition typically represents deposition of
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mud below stem wave- base that was scoured from shallow-
water settings.   Coral colonies in  the Sniabar record both
rapid and slow dapositional modes.  All of the colonies in the
Sniabar  exposure  at Uniontown  are  preserved  as  several
stacked tiers of corallites separated by carbonate in ud. Each
tierrecordstheearlyexpansionalandlatervericalgrowthof
the colony. Commonly, a few tall corallites from a lower tier
can be observed to initiate a higher tier, mimicking the early
astogeny of the colony (see Pandolfi.  1988).  We interpret
each  tier as growing during periods of slow, background
sedinentation. Modern corals, and probably most Paleozoic
corals. are mud intolerant and would be killed by deposition
of mud in excess of colony height.   Thus in  the Sniahar,
corallum growth likely occuned in clear water, with tittle or
no deposition of mud (at least deposition was less than the
thickness of the tiers,  which  is commonly about 5  mm).
Interveningmudlayersrepresentrapidlydepositedsediment
that smothered the benthic fauna.

Otherevidenceofrapidlydepositedmudincludesin
situ clumps of Coapasz+a.   These clumps preserve brachi-
opods in rife position at the same stratigraphic level as the
corals.  Taphonomic studies have indicated that articulated.
insitufossilsnearlyalwaysarepreservedbyrapiddeposition
Ore[t and Baird. 1986).

Rates of background depasition

Thethicknessofeachcoraltierisdirectlyrelatedto
thelengthoftimebetweenrapiddepositionalevents.Favosi-
rid coals commonly diaplay growth bending (interpreted as
annual) that indicates growth rates of up to about 2 cm (0.8
inch)/ycarQ'hilcox,1971;IIill,1981,p.F428).Thisestimate
is reasonable compared with living{oral growth rates and is
probably a reasonable estimate for syringoporid corals. The
thinnesttiersofIVcoryrz'ngaporaintheSniabarare2to3mm
thick, suggestihg that successive rapid depositional events
may have cx:curred within  less than a year of each other
(assuming that coral growth was initiated inmediately after
a rapid depositional event).  Mos( of the corals observed at
Uniontown have tiers less than  1 cm (0.4 inch) thick.  The
thickest tier chserved is a hemispherical colony over 20 cm
(8inches)thick.However,thecolonyhasseveralresthctions
around its edges suggesting that the colony si]rvived essen-
tially unhamed through several depositional events.

If a few coralntes were sthl exposed after a rapid
depositionalevent,theyre{stablishedthecolonygivingrise
to another tier.   Thus, the distance between corallum tiers
records the thickness of each event   Thicknesses between
corallum tiers range from 4 to 90 mm with an average of 25
rnm  for  11  measurements.   Upper colony  tiers  generauy
reflectthesamesurfacecharactersasthelowesttier,orshow
subdued relief suggesting that the mud was deposited as a
drapethatcoveredthemoundsurface.withsomewhatthicker
accunuhatious in packets.

Coralmorphologiescanalsobeusedtoestina[ethe
ratio of sediment accumuhted during normal times versus
rapid events.   Coral growth during periods of slow, back-

groLind deposition must have at least kep( pace with  mud
deposition or the colony would have been smothered and
died. In fact, as shown earlier, ccmallum growth was probatly
much  faste.r  than  background  sedimentation.  so  tha(  tier
thicknessisamaxinumestimationofsedimentationbetween
rapid events.  Applying this reasoning to all typical colonies
observedinthisstudy(exceptingthesinglelargehemiapheri-
cat colony which is difficult to interpret) the minimum limit
oftheratioofrapidlyversusslowlyaccumuhtedsedimentis
3.0.  The acti]al ratio is probably considerably higher.  This
translates to at least 75% of the sediment being deposited
diiringshort-fivedevents,andonly25%,orless,representing
the lrormal dry-tcrday conditions dtring the early stage of
mound growth.

Summary

Wehavepresentedjustoneexampleofhowpaleon-
tological analysis can be used to evaluate depositional relief.
episodicity, and rates in the absence of other sedimentologi-
cal evidence.  Certain organisms have the potential ro pre-
serve a record of the relative conributions of sudden€vent
depositionversuss16w-backgrounddepositionoverthescale
ofafewhoursuptothelifetimesoftheorganisms.Thisscale
ofobservationisimportantbecauseitrepresentstheultimate
linitofresolutionofthesedimentaryrecord.Faciesinterpre-
tatiousgenerallyassumethatmostofthesedimentaryfabrics
record `.nomal" conditions for the facies. However, we have
beenabletodacumentthateveninthemuddyphynoid-algal-
mound facies, at most only 25%  of the sediment records
"normal.' conditions (the vast majority of time) and at least

75% of the sedinent records conditions during unusual, or at
least short-lived and widely spaced (in time) events.

Average  accumulation  rates  are  commonly  esti-
mated in basin-scale sa]dies and these rates are useful at such
a large scale, but as modelers attempt to increase acuity and
predictabihity, they win need to increase the resolution of
depositional  conditions  in  the  rcx:k  record.    Analysis  of
growth forms of fossils provides one useful, largely unex-
ploited  tool  for  increasing  the resolution  of depositional
conditions in the rock record.
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FIGURE FM-1-ThRED coLONv oF rveas)rrl.ngopora (arrows).  Sediment between tiers is interpreted as having been deposited
rapidly during depositional cvcnts.  The scale in this and subsequent figures is a 2{m (0.8-inch) nickel.

FIGURE  FM-2--TmRED coroNT  oF IVcaryri.ngapora   ENCRus"G si`RoVAT^cms-u}cE voDs  (indicated by "s" on  figure)  that  are

Partly fllled with spalTy calcite.  This demonstrates that these voids were probably soft-bodied organisms that were encrusted by
the coral but are no longer preser`Jed.

FIGURE FM-3-A SINcm lmR op IVcas),ri.ngapora (other higher ders not sho\irn in this view) that encrusred a steeply sloping
Surface. This bedding feature may not have been evident without the coral.  Anows indicate the ends of the coral tier.
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Role of burrow excavation and in filling in creating the preserved depositional
fabric of Pennsylvanian phylloid mounds of southeastern Kansas

IArlore P. Tedesco all!d H arokl R . Wanless
Rosenstiel School of Marine and Atmosphdic Science, University of Miami, Miami, Florida  33149

Upper Pemsylvanian (Missourian) Mo`]nd City Shale and Sniabar Limestone members of the Hertha Fomation Bourbon County,
Kansas. Rt. 3, south of Unionto`rm

Introduction

Dear burowers create extensive open burrow net-
works that often penetrate to sediment depths in excess of 1
meter.  Work in modem carbonate environments has shown
that these subsurface chambers are catastrophically in filled
with sulficial sedinent qedesco et al., 1986; Wchless et al.,
1988).   Repetitive excavation  and infining  of subsurface
chambers can  1) obliterate precursor facies (Witless and
Tagett,  1986; Wanless  et al.,  1989), 2) create  subsurface
depositionalfabricsandfacies(Wanless.etal..1988;Wanless
et al., 1989), and 3) influence subsequent diagenetic panems
(Wanless and Tedesco,  1987).   Imponantly,  biogenically
genera(edfabricsandfaciesarecreatedinthesubsurfaceand
do  not  directly  refleet  surficial  depositional  conditions.
Attempts to interpret these fabrics using traditional stratigra-
phic and sedimentologic methods may produce misleading
results.

The fabrics. facies, and diagenesis of phylloid and
other calbonate mud banks and mounds have continued to be
difricult to interpret primarily because they contain charac-
teristics that are equivocal with reapect to paleoenvironmen-
tal reconstruction.  For example, many mounds  1) contain
unabraded but disarticulated  skeletal  material  in  a  wack-
estonetopackstonemathx.2)hckpronouncedordiagnostic
stratification,and3)possessanabundanceofapar-cemented
skeletal graiustone to packstone cavities.  These featLlres are
also chancteristic of modern mud banks and mounds whose
facies. textures and fchrics have been produced by stom
infiuing  of excavated  burrow  syste[ns.    In  fact.  modem
bunow-generated facies, formed weu below the sedinen[
surface,arevcrysimilartothefabriesandtexturesofancient
phylloid and other carbonate-mud banks and mounds.

Purpose

We tested the role of burrow excavation  and in-
filling  in  creating  the  preserved  depositional  fabric  and
influencing  the  diagenesis  of some  of the Pennsylvanian
phylloidmoundsofsoutheastemKansasandfoundthaLthese
processesarerespensib]eforgeneratingthepreservedfabrics
ofseveralimportantfacieswithinthesa]diedphylloidmounds.
Thispaperwillfacusonoutcropsoftheupperpennsylvanian

(Missourian)  Mound  City  Shale  and  Sniabar  Limestone
membersoftheHerthaFormationexposedinBourboncounty
along Rl 3, South of Uniontown.

Outcrop description

The  roadout  along  Rt.  3  (figs.  Twl  and  TW2)
exposes both the Mound City Shale and Sniabar Limestone
members of the Hertha Formation.

Mound City Shale

TheMoundCityShaleisexposedoverthelower10
in (33 ft) of outcrop and is a gray shale with interbedded
limestone layers as well as  distinct burrows  infilled  with
mouLLscan<rinoidal grainstones to packstones.  Vertical to
subhorizontalburrowfillscommonlyweatheroutasindivid-
unl linestone hand specineus 24 cm (0.8-1.6 inches) in
diameter (fig. 3).

Sniabar Limestone

MOLLuscAN aINolDAL PACKSTONE FACEs-The S n i -
abar Limestone member caps the Mound City Shale.   The
lower 60-70 cm (24-28 inches) of the Sniabar is a crossbed-
dedtobumwedmolluscanpackstonetograinstone.Distinct
unlined bimows. 24 cm (0.8-1.6 inches) in diameter, are
infiued with crinoidal packstones to grainstones (fig. TW4).

PHTiLolD F^cEs-The main body of the phyuoid
mound  consists  of ninw  lithofacies  (fig.  TW2),  some  of
which are separated by argillaceous dolomitic seam zones
(fig. TW1). Lithofacies include growth-fabric facies tin situ
phylloidthalliframestone(fig.TW5)andinsitucoralpatches
(fig. TW7a)]; layered facies  (skeletal graiustone, phylloid
packstone. phylloid wackestone. and skeletal wackestone):
and phylloid packstones to wackestone with spar-cemented
grainstone patches  tt)rachiopod and coral fragment grain-
stone  patches  (fig.  IW7a).  phylloid-fragment  grainstone
patches  (figs. 1W6  and TW7b)  and  mud-clast grainstone
patches].Limestoneswithspar-cementedgrainstonepatches
are a fundamental fabric style dominating the lower portion
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of the mound (fig. TW2). Grainstone patches have a vertical
io subhorizontal orientation and vary in size from  1-5 cm
(0.4-2 inches).

Evidence for burrow-infil] fabrics

Distinct burrow fflls in associated facies

Both  the  Mound  City  Shale  and  the  molluscan-
crinoidal packstone facies of the S niabar Limestone contain
distinct burrow infills.  These distinct biilrow fins serve as a
valuable guide to the size and morphology of the burrow
structt]res present in other facies of these rocks.

Distinct burrow fflls in the phylloid facies

Within the main body of the phyuoid mound at
Uniontown,  individual  discrete  burrows  are  exceedingly
difficult to discern.   However. both distinct and indistinct
burrow in fin fabrics are recognized within the mound.

Inareaswherethereisasourceof"exotic"sediment
for infflling, distinct burrow-fill struca]res are evidem in the
limestone directly below the source.  Exoti-c sediment types
inclirde  IVcoryrz.ngapora  corals  and  brachiopods.    These
exotic sediment types can be seen  infiuing into phylloid-
dominatedpackstonestowackestones(figs.TW7aandTW8a).

Aparticulariystrikingexalnpleofexoticsediment-
filled  tubes  occurs  at approximately  11  in  (36  ft)  in  the
measured section (figs. Twl  and TW2).   In  this interval,
there are zones of abundant in situ IVcoryrz.ngapora coral
growthwhichinitiatedinbrachiopodbeds.Belowthisinsifu
coral growth, coral hagments and brachiopods form tube-
shaped concentrations extending 20-30 cm  (8-12 inches)
into the underlying phylloidrdominated sediments.  Impor-
tantly, these exotic sediment- filled tubes are markedly simi-
tar  to  the  morphology  of distinct  bulrovi§  visible  in  the
assacia[ed facies.

In  addition  to  the  tube-shaped  forms,  coral  and
brachiopod graiustones also  occur as inegular zones and
patches  txmeath  the  in  situ  coral  growth.    These  exotic
skeletal concentrations appear in outcrop as apar<ememed
skeletalgrainstonestomud-poorpackstonesandareafunda-
mentaI fchric (ype of the mound.

From these chservatious. we conclude that burrow
excavation and infilring processes were aperative during the
growth  and develapment of the phylloid mound.   Whac
exotic sediment is available, btirrow fins are recognizable
bothasdistincttrbelikegrainstonefil]ingsofexoticsediment
and as less distinct exotic-sedimen( grainstone patches.

Indistinct burrow-fill fabrics

In addition to the distinct burrow fins and the exotic
sedimentpatchesrecognizedwithinthemound,therearealso
major  zones  of burrow-ffll  fabrics.    These  zones  do  no(
possess definable distinct burrow in fills because individual

burrow  fills  are  not  clearly  recognizable  in  most  of the
mound.  However, inegularly shaped zones and patches of
aparcememed skeletal grainstone are abundant throughout
the mound facies and are remarkably sinilar ro the exotic
sediment patches beneath the in situ coral growth.

The inegula?y shaped spar-cemented grainstone
patches  throughout  the  mound  contain  various  skeletal
components.   These components (when not phylloid-algae
hagments) can be Lised as exotic sedinents to trace sedinent
sources (fig. TW8b).   Importantly. the composition of the
fauna  in  skeletal-grainstone  patches  conehates  extremely
well with fauna contained in the overlying ntholoctes (figs.
TW2 and TW8).   The  fauna in  the overlying  htholoctes
occurswithinamudmarixashostsedimentandnotasspar-
cememed grainstones.   Thus. there is a source of infmng
sedinents and evidence of sedinent tranapor[ down into
open voids which are sinflar in  size to  the more distinct
bunws.

In  addition  to  skeletal-grainstone  patches,  spar-
cementedpatchesofmud{lastgralustonesoccurjustbelow
the in situ phyuoid-thalli growth fabric at around 15 in (50 ft)
inthemcasuredsection(figs.TwlandTW2).Themud-clast
grainstonesappcarto`b§fillsfromaboveandareindicativeof
processes of erosion :iud transport of cohesive (or lightly
cemented) mud.   This is expected as there seems ro be an
increaseinphysicalprocessesaswellassurfacestabilization
associated with the growth fatric (see next section).

The contained fauna within spartemented grain-
stone patches  is  highly  variable and,  in  almost all cases,
directly atmbutable to overlying faunal sources.  Phylloid-
algal frogments are the most abundant skeletal component
within spareemented grainstone patches.   It is reasonable
that phylloid-algal hagments in sparcemented grainstone
patches are simply another indistinct burrow-generated fab-
ric resulthg from repedtive excavation and in fining (figs.
rv6, TW7b and TW8E).

Theabundanceofqurcementedgraiustonepatches
can then be used as an indication of the minimum degree of
fatric generation by burrow excavation and in fining proc-
esses. It is used as a minimum estimate because burow-in fill
I:chrics are not always skeletal grainstone patches. However,
work in he Lower chetaceous Glen Rose Formation (central
Texas) indica8es that skeletal grainstone to low-mud pack-
stone burrow infflls are a common bumw-fin type O`Tagle,
1968;  Wanless and Tedesco,  1987).   In addition. modern
burlowinfiusareporousandcontainatundantskeletalfauna
derived from the overlying sediments (Wanless ct al.,1988).
a conclusion also reached by Nagle (1968) for the Creta-
ceous.

Vertical Iithologic sequence

Lithologiesdeorganizedintoadistinctandmean-
ingful vertical sequence (fig. TW2).  These lithologies may
display some lateral variabnity but are traceable over long
distances  of outcrop  exposure  and  across  exposure  gaps.
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Some  htholoctes  are  separated  by  argillaceous  dolomitic
seam zones and therefore have sharp boundaries; others have
gradational boundaries.

The verical lithologic sequence within the mound
indicates shallowing or growth into more turbulent waters.
The lower pordon of the mound is dominated by lithologies
containing burrow-infin fabrics while the upper portion is
dominated by high{nergy growth and physically deposited
skeletal grainstone fal]rics.

Forinstance,thezonefroml5-15.6m(49.5-51.5ft;
fig.  TW2)  is  dominated by in  situ phylloid growth  thalli
suggestiveofahigherenergy"skeletal-bankcrest"environ-
ment.   Overlying this  in  situ growth  lithology is either a
layeredphylloid-algalpackstoneorawashedskeletalgrain-
stonecomposedofphylloidalgaefragments,crinoids,brachi-
opcx]s. and gastropods.  These hyered and/or sorted litholo-
gies suggest sediment deposition under shallow, wave- or
cLlrrent-swept conditions and are somewhat reminiscent of a
•`skeletal-bank flat" style of deposition.  Indeed, it has been

suggested  that the top  of the Sniabar Limestone member
contains  evidence  of  exposure  a.ynn  Wamey,  personal
communication. 1989).

Theupwandincreaseinphysicallyinfluenceddepor
sition  is  accompanied  by  a  concomitant  decrease  in  the
dominance of distinct and indistinct burrow-generated fab-
rics.    Therefore,  there  is  the  indication  that  the  burrow-
generated fabrics were resricted to the lower portion of the
mound sequences because physical processes were dimin-
ished in that zone.  Upward shallowing by bank growth and/
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orsea-levelchangeresultedinincreasedphysicalenergyand
conversion  to  physically  deposited  and  biogenic  growth
fat)rics.
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PHYIIOID ALGAE, CRINOID
AND BRACHIOPOD WACICESTONI

COMPOSITE
LITHOLOGIC  SECTION
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FIGURE rv-3-L"EsroNE BURRov Fnjs FRow MouNI) CITY Stl^u.   Slacked cylinders in upper left arc fnled vertical shafts
segmented by shale compaction.  Many burows arc infilled with a crinoidal-mouuscan grainstone to packstone.  Scale in
cenineters.

FIGURE  TW4-DlsTINcr ^NI)  INDlsTINCT BURRov INFms  IN  rm  rowER  p^RT oF SNIAB^R  L"EsioNE.    Sample  from  cinoid-
brachiopod packstone at approximately 10.5 in (35 f[) in the measured section (fig. TW-2).  Scale in centimeters.

FIGURE  TW-5-.-PmioD-^ij3AI  FRAMESTONE  coMposED oF sT^exED  TH^ulE  IN  GRovm  posrnoN.    Stylontic  seams  bound  the
sample.  Specincn is from the Iola Limestone, near Chanute, but is similar to the fabric in the Sniabar at 15 in (50 fi) in measured
sechon.  Scale in ccntimeters.

FIGURE  Twhp^tcHEs  oF sp^R{EMENmD  pfTTLroD  GRAINSTONE  (D^RlcER)  IN  A  pfTTLlj3D  w^cKEsroNE.    Fabric  is  interpreted  to
be buTow infin generated,  Extensive pressure dissolution has further modified the fabric.  Sniabar Limestone.  Scale in
centimeters.

FIGURE  TW-7(aLTOP oF  pHcyro  snows  B^sE  oF IN  srru  SyRINcoroR^  ^NI)  cup coR^L¢Ranrni  p^ral.    Spar-cemented  coral-
fragment grainstones below are bulTow fins penetrating into underlying phylloid wackestonc.  Sriabar Limestone a[ 11 in (36 ft)
on  measured  section.    Scale  in  centime(erg.   TW-7®)   P^TciiEs  oF sp^R<EMENiED  pHyLLOD GR^INsroNB  IN A  I.HyLLoro
WACKESTONE.   Grainstone patches are interpreted as a raplacive bLzrrow-infill fabric.   Sniabar Limestone.   Scale in ccntimeters.
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Introduction to upper Swope sequence development in basinal set-
ting prior to reaching Stop 12

The  last two stops  will  focus on  the Swope and
Dennis sequences. On our way to Ogeese Creek (Stop 12) we
will pass by Erie Nor(h, a locality 6 mi (9.7 kin)  north of
Ogeese Creek (fig.12-1).  A measured section of Erie North
is found in fig.  12-2.  The heavy vegetation precludes stop-
ping at this location.   However, the rocks exposed at Erie
Northandthecorestakennearby,includingtheHeilmancore
shorn in fig. 12-3, provide infomation inportant to under-
standing the nature of the Swope sequence.

Erie North and Ogeese Cheek (Stag 12) are sittiated
near the eastern end of the cross section shown in fig. 124.
The index map  for this  section, an isopach of the Hertha
sequence. is provided in fig. 12-5.  The Pleasanton sequence
and the Hertha bank margin have thinned substantially just
west of Erie North (fig. 124).

The Swope sequence includes the uppermost por-
tion of the Elm Branch Shale. the Mddle Creek and Bethany
Fanshmestones,theLadoreshale®resentonlyinthebasin),
the Mound Valley Limestone (which hps out updip to the
north of Erie North), and the lower potion of the Galesburg
Shale  (which  has  been  observed on  the xpper shelf as a
paleosol; figs. 7-11).

The measined section of Erie North (fig. 12-2) and
the nearby Heilman core (fig. 12-3) indicate that on the lower
shelf,moreaccommodationapaceprovidedrcomforathicker
and  more  complex  Swope  sequence.    The  Hushpuckney
Shale (the condensed section) is continuous down the slope
and  into  the  basin  (fig.  124).    While  clear evidence  of
subaerial exposure exists on  the top of the Bethany Falls
Limestone on the shelf (e.g.. at Stop 8),  no evidence for
exposure is found in that unit in the Heilman core (fig. 12-3).
TheBethanyFallsLimestonethinsbasinward(towardogeese
Creek. Stop 12), where it consists of only a few centimeters

of  dark-gray.  argimceous,  crinoid-brachiopod-encrusting
foram wackestone.  This latter facies is the focus of the stop
at Ogeese Creek (Stop 12; fig. 8),

A wedge of shallow-marine Ladore Shale overlies
the Bethany Falls Limestone in the slope-to-basin transition
alongthemargivoftheHerthabankcomplex(fig.124).The
hadore Shale is composed primarily of fine-grained elastics
and represents a lowstand clastic wedge that thickens and
coarsens basinward (fig. 9).  Mast of the clastic material was
probably derived from the Ouachita Mountains to the south.
The lower Ledore  Shale is  extremely  rich  in  large plant
fragments, including tree fens (as will be seen at Stop 12 at
Ogeese Creek). Turbidity assacia(ed with Ladore deposition
probablycontributedtothecessationofcarbonateaccumula-
tion  associated  with  the  Bethany  Falls  Limestone  in  this
basinal setting.

Marine  flooding  associated  with  Mound  Valley
Limestone deposition temporarily ended sinciclastic influx.
The Mound Valley Limestone is  interpreted as  a parase-
quencewithintheswopesequenee(figs.12-2andl2-3).The
Ledore~Mound Valley contact is gradational in most of the
cores, leaving as an open question the mechanism of marine
flooding.  Local phylloid-algal mounds are developed in the
Mound Valley Limestone in this basin-marctn setting.  The
Mound Valley parasequence is restricted to the lower-shelf
setting,  lapping  out  updip  (fig.  10).    This  parasequence
teminates  in  subaerial  exposure  only  in  relatively  uFrdip
positions  (fig.  12-3).   In the Heilman  core.  the  subaerial-
exposure surface at the top of the Mound Valley is also the
Swopc+Dennissequenceboundary.TheoverlyingGalesburg
Shale in this core is tentatively classified as a low-stand unit
thatwasdepositedduringtheinitialbase-levelriserelatedto
de Permis sequence.
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Stop 12  0geese Creek, uppermost Bethany Falls and lowermost
Ladore Shale

Lacation:   S¢ S¢ SE sec., 7, T. 29 S.. R. 20 E. Neosho County, Kansas

Arrive:  1:00 PM
Leave:   I:20 PM

(40 minutes to Stop 13)

Corltrtoiutors..LyrmWatncy,JohnFrench,andEvanFrauseen

Stop 12 at Ogeese Creek was in a basinal seting in
front of the Hertha sequence shelf edge during deposition of
the Swope sequence (fig. 12-1).  The Bethany Falls Lime-
stone thickens malkedly west of Stop 12 (figs. 8 and 124).

A( Ogeese Creek the upper surface of the Bethany
Falls Limestone  and  basal  beds  of the Irddore  Shale  are
exposed.  Woody-plant debris is very abundant in the silty-
line mudstone to wackestone and overlying siltstone.  This
lithofaciesisunlikeanyseenonthenorthemshelf.Thecores
seen the previous evening that were taken in a basinal setting

approximately 25 mi (40 kin) west of this stop provide a
successionofstratacomparabletothatthoughttoexistatthis
Stop.

The plant-rich debris in the upper Bethany Falls
Limestone was likely rafted into this basinal setting from
distal deltas to the south. Plant fragments are also ubiquitous
in the lower Ladore Shale, and similar plant-rich intervals
occur in cores taken in equivalent basinal positions west of
thisstop.Increasedtufoidityassociatedwiththeinfluxofthis
suapendedderiaisledtothecessationofcafoonateaccumu-
lation.
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FIGURE  12-2-ME^sURED sEc"oN AND G^MM^-RAT pROFne oF ERE NOR"  E)cosURE  loca(ed in NW NW NW see. 20, T. 28  S..
R. 20 E., Ncosho County, Kansas.  Exposed section includes `xppcr Lndore Shale. Mound Valley Limestone, and lower Galesburg
Shale.  Sequence-stratigraphic tcminology is indicated on the lefL
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SWSESW  36  T28N  P18W

i
GAMMA   F`AY

-----------------  LITHOLOGIC  BOUNDARIES
•..............................  SEQUENCE   BOUNDARIES

PARASEQUENCE  BOUNDABIES

FIGURE  12-3-Core DEscRnrnoN oF m"^N cone roc^meD 7 NI (11  ]cM) west oF ERE NORiii.   The Heilman core is used in
cross section B-D in fig. 124 and in the regional eross section in rig. 4 (well J).
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FIGURE  124LWEST-Tt>E^sT s"TloRArmc cRoss  sBcnon uusm"o INOR  cENGEs  IN  HERTli^,  SwopE,  ^NI)  DENIus
sEQUENCEs in resprise to thiming to the west off of the Sniabar Limcstonc bank (alr\ow).  Condrised seehons from bottom to
top include the Nuycka Creek Shale (drtLim). Mound City Shale, Hushpuclmcy Shale. md the Stark Shale.
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Introduction on the way to Stop 13

The  Galesburg  Shale overlies  the Mound Valley
Limestone and is continuous throughout the basin and shelf.
However,ontheshelftheGalesburgisapaleosoloverlainby
a thin initial flooding deposit (e.g., at Stop 8 at Farlinville
Northqualry).Inashelf-slopesettingsuchasatthelocations
of the Heilman core and Erie North exposure. the Galesburg
Shale has thickened to 50 ft (15 in; fig.10-3). The Galesburg
Shalecontinuestothickensouthward.beingmorethan150f[
(46m)thickalongtheKansasroklahomaborderwhe[eithas
been  napped  in  the  subsurface  (fig.  11).    Southward  it
becomes an even thicker package of fluvialrdeltaic deposits
(fig.  16).

WewmexamineaporionoftheGalesburgShalein
Stop 13 at Big mll Reservoir, the last stop of the field rip.
SandstonesdevelopedintheladoreandGalesburgshalesare
refenedtoasthelowerandupperhaytonsandstones,respec-
tively.    They  are  major petroleLrm  reservoirs  in  southern
Kansas and northern Oklahoma.  The Erie North exposure
(fig.12-2)alsocontainsasectionofGalesburgsandstonethat
occurs along the upper slope.

The basinal Galesburg Shale section is markedly
coarser than the Ladore Shale. Following the paLise in influx
of siliciclastic material during marine flooding associated
with Mound Valley Limestone deposition, siliciclastic sedi-
mentation resumed, resulting in a coarsening-upward suc-
cession in the Galesburg Shale.  These thick elastics essen-
tially fined in much of the basinal alcas and reduced the
topographic renef from shelf to basin (fig. 51).  A paleosol
andwidespreadcoalbed(A.Bennison.personalcommunica-
tion. 1988) that win be seen at Stop 13 reflect the termimtion
of the Swope sequence in the upper-middle portion of the

199

Galesburg Shale and herald the initial marine flooding asso-
ciaeed with the Dennis sequence.   Subaerial exposure and
paleosoldevelopmentapparentlyacculredduringmaximum
low stand.   This exposure surface merges with that which
caps the Mound Valley Linestone on the basin margin, and
which merges with the exposure surface found on the top of
the Bethany Falls Limestone in the most shelfward settings
(figs. 4 and 12-3).

Big lfill Reservoir is located in a basinal setting on
the extreme northern edge of the active Arkoma basin (figs.
2. 16, and 18).  This stop is our most basinward location on
the field rip (fig. 4).  The clastic dapocenter was around the
alea'ofTulsawhereBermison(1985)describesthickfluvial-
deltaic deposits that were prograding basinwand dLiring this
time (fig. 16).  Large clinoforms with a minimum of several
hundred feet of relief are developed in the Tulsa area.  The
siliciclastic wedges shed off the Ounchita mountain  front
were prograding northward and westward, gradually fmng
the Arkoma and the eastern potion of the Anadarko. basins.
Both basins were also tectonically active and episodically
subsiding  at rates  sufficiently  high  to  preclude  complete
filling untfl the Pennsylvanian.  in spite of the tectonism and
the  abruptly  changivg  nthofacies  within  the  siliciclastic
succession to the south, the same condensed sections seen on
this rip have been physically conelated by Bermison (1985
and fig. 16. this volume) and biostratigraphically by Board-
man  and  Heckel  (1989)  into  this  sniciclastic  pile.    The
extreniely rapid marine inundations asscx:iated with conti-
nental glaciation overwhelmed the best that tectonism had to
offer during the Iate Pennsylvanian.

Stop 13  Big Hill Reservoir, Galesburg Shale (Upper Layton
Sandstones)

Lcoation:  NW NW SW scc. 7. T. 32 S., R. 18 E.

Arrive: 2:cO PM
Field rip ends 3:cO PM

Co""toutoas..  Lyru. Watrlig)I , John French. and Evan Frarseen

htroduction

The index map for Stop 13 (fig.  13-1) indicates its
relationship to Parsons, Kansas, and highways 160 and 169
(northwest comer of the map).  This wnl be useful for those
whoaredrivingseparatelyfromthisstopattheconclusionof
the trip.

The cross section in fig. 4 and the isopach of the
Galesbng Shale in fig.11  identify the geologic seulng of

Stop 13.  Fig.13-2 is the measured section for Stop 13 along
the north wan of the spnlway at Big IIill Lake.  The interval
examined is the upper portion of the Ga/csburg She/c a[ the
position of the boundary between  the  Swope and Dennis
sequences (fig. 4).  Another measured section is shown for
South  Pond  (fig.  13-3).    Its  lcoation  is  0.75  mi  (1.2  kin)
southwest of the spillway cut (fig.13-1).   The South Pond
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exposure shows the contact of the Galesburg shale with the     the spillway section (fig.13-2). Fig.134 provides photos of
underlying Mound valley Limestone.   We are only visiting     these sections.

Stratigra|)hy

ThetotalthicknessoftheGalesburgshalenearstop
13  is estimated to be around 50 ft (15.2 in). with the unit
thickeningabraptlytothesouthwesttoinexcessofl50ft(46
in) near Coffeyvflle, Kansas (fig. 134F).  The deposit con-
sists of mostly marine sandstone and siltstone.  The base of
the Galesburg Shale above the Mound Valley (fig. 13-3) is
composedofclaystonecontainingbrachiopodsandcrinoids,
grading xpward to sfltstone containing trace fossils.  IIigher
in this particular exposure thin lenses of sandstone appear.
The section is considered to represent distal. prodeltaic. ro
del ta-front deposits.

Sandstones  at  the  base  of the  measured  section
against the north wall of the spiuway (fig. 13-2) and in the
flooroftheapinwayarecross-stratifiedandcontaininterfer-
ence ripples. paring lineations, starved ripples. convolute
bedding (including dish stn]ctures), load casts, flute marks,
andtracefossils.Depositionofmostofthesesandstonesdoes
not appear to have been confined to channels.  This deposi-
tion of coarse elastics is atdibueed primarily to density flows
from a southwesterly del(aic source, with local cunent re-
working of the surfaces of these event beds.

The underclay below the coal seen in the spnlway
wall is a gleyed clay horizon containing rhizoliths. The coal
forms a very continuous and unifom bed throughout the
length of the spillway. The coal can be traced over consider-

able  distances  beyond  this  locality  and  may  represent  a
regional deposit (Allan Bennison, personal communication,
1988).  The sandstone and siltstone immediately underlying
the underclay seen on either wall of the spillway contain
small-scale channeling and may reflee[ fluvial conditions as
sea level fell and accommodation was lost  Major sedinent
bypassing may have been ro the southwest toward lower
elevationsalongtheeastemedgeoftheAnadarkobasin(fig.
18).

We are tentatively placing a sequence boundary at
the base of the coal.   We intxpt the coal to represent a
floodingunitanalogoustothelimesronesontheshelf.Marsh
environments developed as the `rater table rose during the
initial stages of base-level rise.   Once water depths were
suffiicien|sniciclasticmaterialreachedthisareaofthebasin.
asevideneedbycross-smlfiedsandstoneunitsoverlyingthe
coal. As the waters deepened. more suspended sediment was
deposited.andafining-upwardpackagethatcanbeobserved
intheupperporionofthespillwaywallresulted.Atthislevel
burrowed.  fine-grained,  ripple  cross-laminated  sandstone
and siltstones are present.   Above these units the Canville
Limestone and Stark Shale  (not seen here) resulted  from
rapidmarinefloodingandinundationofbothbasinandshelf.
and the Dennis sequence came into being.
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FIGURE 13-1loc^Tlor M^p IN nE vlcnn'IT oF STop 13 GIG Ihi I^KE).  Pond (south) seehon also choun.  Highways 160. 169
(northwest comer of map), and city of Parsons ar\e included for rcferencc.
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FFIGURE  13-2-ME^suRED sEcmoN AND o^"^-RAY pROFne or BIG Hnl hRE smlwAy  (STop  13).   Sequence-stradgraphic
terminology is indicated on left.
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FIGURE  13-3"EAsuRED sEonoN AND  G^h"^-RAT  pROFnj2 oF SoirrH  PoNI)  roc^mD so(rrm^sT  oF spniw^¥  sEcltoN.    Refer  to
map in fig. 13-1 for location.
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FIGURE  134  (A  and B)|JTHE G^u2sBuno  Sil^n (uppER I^rmon s^NDsroNE IN  nn sunstJRE^ce) ^LONo  Ire NOR"  WAIL ^NI)
FlcoR oF Tin BIG Hnl L^lcE sFml;w^T ^T STop 13.  Vcrdcal succession of sandstone and siltstone are intempted by a
contin`rous. regionally correlatable undcrclay (UC) and coal layer.  The boundapr betweai the underlying Swope sequence and
the overlying Dermjs sequence is tentatively placed a[ the base of the coal. the coal represening the flooding unit above a surface
of a subaerially exposed horizon.

FIGURE  134 (C  and D)LTHi2 uppER  pormon or nD MouNI) V^ulBr l"EsroNE  (MN) ovERLun BT Tne n^s^L. G^u2sBuno
SI]^u (GA) ^T TRE SotrrH PoND rocAulir (see location in fig. 13-1).   Fossiliferous claystone in the basal Galesburg grades
upward to a sandy interval exposed near the top of the him.

HGURE  134  (E)|uT-^NI)-Fu  sTRucruREs  ALN|)  RAcmv^non  suRF^cBs  IN  sM^ll  CHANNEL  FORMs  IN  Tin  s^NesroNE/
Sn.TSTONE  INmRv^L BEu)w  The  oo^L  ANT)  uN|)ERCLAT  oN  Tin  WEST  slDE  oF  The  NORTH  w^ii  op  spn.L.w^T  ^T  STop  13.

FIGURE  134  (FLUppBR G^usBURG  Si+^u  IN  A  ciAy  prr ^u)NG  TRE  VERDIGRls  RlvER  oN  Ire  Norml  slDE  oF CoFFEyvm£,
KANSAS, 20 mi G2 kin) southwest of Stop 13.   A thick (150-ft [46-m]) section of clay that coarsens upward (o predominately
sandstone is displayed at this stop.
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