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positional  and  Diagenetic  Control  of  Reservoir
chitecture  and  Quality,   Bindley  Field  (Mississippian) ,

dgeman  County,   Kansas

esis  directed  by  Assistant  Professor  David  A.   Budd

Bindley  Field  is  a  multilayered  reservoir  which
s  produced  2.5  million  barrels  of  oil  from  the  lower

ramecian   (Mississippian)   ''Warsaw  dolomite."     The  trap

defined  by  erosional,  stratigraphic,  and  structural
ements ,

An  informal  stratigraphic  subdivision  of  lower

ramecian  rocks  is  presented  which  identif ies  time-

rrelative  parasequence  sets.     In  ascending  order,  the

rasequence  sets  are  designated  Meramec  1,   Meramec  2,

ramec  3,   and  Meramec  4.     Bindley  Field  produces

imarily  from  Meramec  2.

Meramec  2  consists  of  six  parasequences,

signated  Meramec  2A-2F  in  ascending  order.     Each

rasequence  aggrades  upward  from  normal  marine,

eletal  sediments  to  restricted,  subtidal  sediments.

e  percentage  of  grain-supported  sediments  increases

lumetrically  in  successive  parasequences,   reaching  a

ximum  in  Meramec  2E.     Depositional  fabrics  grade  from

aim-supported  along  the  central  axis  of  the  f ield  to

d-supported  on  the  flanks.     Meramec  2D  and  2E  are  the

imary  reservoir  intervals  in  Bindley  Field.
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w[ llbore.     Anomalously  high  volumes  of  oil  and  water

produced  from  high-permeability  wells  are  considered  to
result  from  fracture-mediated  reservoir  recharge  distal

the  wellbore.

V
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CRAPTER   I

INTRODUCTION

Lower  Meramecian   (Mississippian)   rocks  produce

oil  and  gas  in  Kansas  along  a  regional  sub-Pennsylvanian

s+bcrop  belt  which  surrounds  the  central  Kansas  uplift

(riigure  1).     In  western  Kansas,   dolostones  generally

a±cribed  to  the  Warsaw  and  Salem  formations  account  for
I

the  majority  of  production  in  the  lower  Meramecian
I

STbcrop  trend.     Even  though  the  petroleum  resources

within  this  western  subcrop  belt  are  well  developed

(Figure  2)   and  have  a  production  history  dating  back  to
the  1950s   (Newell  et  al.,1987) ,   the  nature  of  the

Ireservoir  rocks,  their  depositional  and  diagenetic
I

history,  and  their  lateral  and  vertical  heterogeneity
are  poorly  understood.     The  Bindley  Field   (sections  33-

34,   T21S-R24W  and   sections   3-4,   T22S-R24W,   Hodgeman

Cbunty,   Kansas)   is  centrally  located  in  the  western

sLbcrop  belt   (Figures  1  and  2)   and  is  the  only  field  in
Iwestern  Kansas  producing  from  lower  Meremecian  rocks

I

Which  has  substantial  core  coverage.     As  such,   it  serves
qs  an  excellent  natural  laboratory  to  determine  the
rielationships  between  depositional/diagenetic  factors
and  reservoir  quality  and  distribution  in  the  lower
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FIGURE
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Formati

Pre-Pennsylvanian  subcrop  of  Mississippian
western  Kansas.     The  location  of  the  study

indicated  within  the  subcrop  of  the  ''Warsaw"
n   (from  Ebanks  et  al.,1977)

FIGURE  2-     Distribution  of  fields  in  Ness  and  Hodgeman
Countie
Mississi;p!::s::;er:::::sa::i::d!::!::eb;r:g::i:ref:omoutlines,   those  which  produce  principally  from  non-

:i:s:::ippian  reservoirs  are  denoted  by  solid  black.
r  Meramecian  production  fairway  is  comprised

primarily  of  f ields  producing  from  Meramec  2  through
¥:::::;, £e::S:F::::ea::t:e£::::Ly Parallels the
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Meramecian  trend.     To  the  extent  that  Bindley  Field  may
I

be  a  suitable  analog  for  other  lower  Meramecian
I

re'servoirs,  detailed  understanding  of  the  reservoir  and
I

trap  in  this  field  will  likely  lead  to  improved
I

exploration  models  and  more  ef f icient  recovery  methods
Ifor  these  reservoirs.
I            The  objective  of  this  study  is  to  develop  a

rJservoir  model  for  Bindley  Field.     This  is  accomplished

bJ  (1)   defining  lithotypes,  mapping  their  distribution,

aid  interpreting  their  depositional  origins  and
s!dimentary  dynamics,   (2)   determining  the  diagenetic

history  of  the  reservoir  interval  and  surrounding  rocks

with  emphasis  on  those  aspects  which  influence  reservoir

qJality  and  distribution,   (3)   relating  the  petrophysical

ploperties  of  the  reservoir  to  the  depositional/
diagenetic  architecture,   and   (4)   testing  the  geologic

cbntrols  on  reservoir  distribution  and  quality  by

cdmparison  with  fluid  production  histories.



CHAPTER   11

PREVIOUS   STUDY

I             The  general  geologic  history  of  Kansas  is

sJmmarized  by  Merriam   (1963)   and  the  generalized
•1

stratigraphy  is  described  by  Zeller   (1968).     Lee   (1940)
I

a|d  Goebel   (1966,   1968)   have  described  the

lithostratigraphic  features  of  the  Mississippian  system
I

of  western  Kansas  and  have  attempted  to  correlate

lithostratigraphic  units  within  a    time-stratigraphic
I

framework.     Lane  and  De  Keyser   (1980)   discussed  the

p+leogeographic  setting  of  Kansas  during  early
Mississippian  time  within  the  broader  context  of  the

Icentral  and  southwestern  United  States.     The  conodont

biostratigraphy  of  Meremecian  rocks  in  Kansas  has  been
I

studied  by  Thompson  and  Goebel   (1963,   1968) .

I               Few  detailed  studies  of  lower  Meremecian
I

reservoir  rocks  in  western  Kansas  have  been  published.

VLrious  reports  of  general  f ield  attributes  have  been
I

published   (e.g.   Beauchamp,   1985;   .ames,   1985;   Beene,
I

1,965;   Linehan,1965;   Stewart,1965).      Wilson   (1988)

dtudied  the  petroleum  geology  of  the  Warsaw  Formation  in
I

Hiowa  and  Comanche  Counties,   Kansas  utilizing  subsurface

Lapping  and  core  materials  from  dispersed  parts  of  his
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study  area.     Wilson   (1988)   concluded  that  the
Idistribution  of  oil  fields  is  controlled  primarily  by

structural  closure  and  not  by  lateral  variation  in
lithofacies.

I             The  most  detailed  study  of  a  lower  Meramecian

rdservoir  is  that  of  Ebanks,   et  al.   (1977).     The  Bindley

Field  reservoir  interval  was  interpreted  by  Ebanks  et
al.   (1977)   to  have  been  deposited  as  a  muddy,   bryozoan

mdund  with  significant  relief  above  the  seafloor,  which

was  diagenetically  altered  to  reservoir-quality  rock  by

ddlomitization  of  mud  and  subsequent  leaching  of  the

uhdolomitized,   bryozoan  skeletal  calcite.     While  Ebanks

et  al.   (1977)   provided  a  valuable  starting  point  for

reservoir  description,  their  generalized  facies  model

plovides  insuf f icient  detail  to  aid  directly  in
developing  exploration  and/or  production  models  of  the

reservoir.    Newly  available  core  materials  and  recent

advances  in  carbonate  stratigraphy,  diagenesis,   and

rtservoir  geology  warrant  further  study  of  the  Bindley

Field.



CHAPTER  Ill

FIELD  HISTORY

I              Bindley  Field  was  discovered  in  May,   1972.     By
I

mid-1975,   33  wells  had  been  completed  as  oil  producers.

Tulo  additional  wells  were  temporarily  completed  as  oil
I

producers  in  the  l980s  for  a  combined  total  of  35

p+oducing  wells.     The  productive  interval  is
Mississippian  ''Warsaw  dolomite"  at  depths  ranging  from

I4i600'   to  4,700'.     Wells  are  generally  spaced  on  40-acre

locations.     The  total  productive  area  has  been
I

approximately  1,360  acres.     As  of  the  end  of  1989,   5

wells  have  been  abandoned.     In  1985,   the  principal  field
I

operator,   Conoco,   Inc.,   began  a  pilot  water flood  by

cbnverting  a  single  producing  well  to  a  water  injector
I

(Oasis   #3   Deutsch,   NW/4   SW/4,    34-21S-24W).      In
Iseptember,   1988,  the  central  portion  of  the  field  was

uhitized   (Figure  3)   and  a  water flood  program  was
I

irplemented.     Two  dry  holes  and  seven  former  producing

wells  have  been  converted  to  water  injectors  in  a
I

peripheral  water flood  pattern.     Conoco,   Inc.   is
c!urrently  monitoring  the  waterf lood  performance  and  is

I

rdodifying  the  water flood  plan  to  improve  performance  as
I

pew  data  becomes  available.
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•   Oil Well

a  Dry Hole
A  Water Dispesal
/ Injection Well
o   Water supply well

%Fau,,aI Kansas Geological
Survey

Conoco,  lnc.

r 1 Co noco Wate rf lood
LJ  Unit

8

:±G:::d3:y :i:#bu:i::I:: ::;:::::: ¥::::S::P:i:nK:::::
:£o:a:i:::s::=:x ::p::::::y. ]n:r::::hr::=:s::: cores
available  to  Ebanks  et  al.   (1977).     The  boundary  of  the
C6noco  water flood  unit  is  shown  for  reference,   and  the
field  area  is  indicated  by  the  stipled  background.
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I            Cumulative  field  production,   as  of  December,

19i9  was  2,508,000  barrels  of  oil.     Some  individual

wells  have  produced  in  excess  of  200,000  barrels   (e.g.
I

Oabis  Petroleum  #1  Smith,   SW/4  NW/4   34-T21S-R24W;
I

2312,000  80,   7/72-9/88).     Cumulative  oil  production  from
I

the  Conoco  Unit  through  the  time  of  unitization  was
I

2,,041,000  barrels,   and  an  additional  61,600  barrels  have

bden  produced  since  unitization   (through  December,

1989) .     Cumulative  water  production  in  the  Conoco  Unit

from  September,   1973  through  June,   1990  was
I

approximately  4,700,000  barrels   (water  production  data.
I

prior  to  the  purchase  of  the  Conoco  Unit  wells  by
I

Cqnoco,   Inc.   in  September,   1973  and  for  wells  outside
I

the  Conoco  Unit  are  not  available) .

of

Cores  of  Mississippian  strata  were  taken  in  20

the  Bindley  Field  wells,   of  which  18  were  available

fbr  this  study.     Six  of  those  cores,  which  are  held  by
I

Cbnoco,   Inc.   and  are  from  wells  located  in  the  central
I

pbrtion  of  the  field   (Figure  3) ,  were  not  available  to
I

Ebanks  et  al.    (1977).



cmpTER  Iv

GEOLOGIC   SETTING

Regional  Structural  and  DeDositional  Settin

I             Bindley  Field  is  situated  on  the  margin  of  the
I

HTgoton  Embayment  of  the  Anadarko  Basin.     The  Hugoton

Ehbayment  is  a  broad  shelf  extension  of  the  northwestern
I

portion  of  the  Anadarko  Basin,  bounded  on  the  northeast
b+  the  Central  Kansas  uplift,   on  the  southwest  by  the

Sierra  Grande  uplift,   and  on  the  northwest  by  the
I

Transcontinental  Arch   (Figure  4).     During  early

MEramecian  time,   the  depositional  setting  of  the  Bindley
I

Field  area  was  likely  that  of  a  shallow,   inner-shelf

ehvironment   (Lane  and  De  Keyser,1980).     It  is  probably
I

rEasonable  to  consider  the  inner  Hugoton  shelf  at  that

t,ime  to  have  been  a  carbonate  ramp  with  a  distally

sleeepened  margin   (in  the  sense  of  Read,   1985)   to  the
I

s,outh.     Early  and  middle  Mississippian  rocks

(lKinderhookian,   Osagian,   Lower  Meramecian)   are  dominated
I

Py  carbonate  facies  whereas  later  Mississippian  rocks
Upper  Meramecian,   Chesteran)   are  increasingly  dominated

by  siliciclastic  sediments.     Lower  Meramecian  rocks



F±GURE  4-    Distribution  of  early  Mississippian
d
Tipositional  systems  on  the  southeastern  f lank  of  the

11

anscontinental  Arch.     Study  area  is  located  within  the
inner  shelf  to  main  shelf  tracts.   (Modified  from  Lane
and  De  Keyser,   ig8o)



(e*cluding  the  St.   Louis  Formation)   are  primarily
do |ostones  with  minor  percentages  of  limestone.

Regional,  pre-Pennsylvanian  uplift  resulted  in
the  exposure  and  truncation  of  Mississippian  through

Cahbro-Ordovician  rocks  overlying  the  Central  Kansas
I

uplift.    This  regional  unconformity  was  subsequently

transgressed  by  Pennsylvanian  seas  and  overlain  by
I

Pennsylvanian  sediments.    The  resultant  pre-

p+nsylvanian  subcrop  pattern  is  characterized  by
sinuous  rock-unit  belts  surrounding  the  Central  Kansas

Iuplift  with  progressively  older  rock  units  subcropping

t6ward  the  axis  of  the  uplift   (Figure  1).     The  Bindley
I

Field  is  located  within  the  subcrop  of  the  lower

M6ramecian   (Mississippian)   Warsaw  Formation.

MississiDDian  StratiaraDh

12

I              A  generalized  stratigraphic  column
Irepresentative  of  Mississippian  strata  in  western  Kansas

i!  illustrated  in  Figure  5.    The  description  of  these
I

stratigraphic  units  has  been  largely  limited  to
lithostratigraphic  criteria   (Zeller,   1968;  Merriam,

I

1P63).    Attempts  to  unify  the  lithostratigraphic

t,trminology  with  the  distribution  of  time-stratigraphic

ulnits   (Goebel,1966,1968)   have  yielded  ambiguous
I

riesults,   especially  in  light  of  modern  principles  of

±equence  stratigraphy.     Current  stratigraphic  usage
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Icontinues  to  rely  on  lithostratigraphic  criteria  to
di+ide  Mississippian  units  into  generalized  formations

within  the  framework  of  larger-scale  series   (e.g.  the
Wabsaw  and  Salem  formations  of  the  Meramecian  series) .

I

Thlese  formation  designations  may  not  be  strictly  time
I

equivalent  throughout  western  Kansas  and  therefore  do
I

not  provide  an  adequate  framework  within  which  to  view
I

sn|aller-scale  sedimentary  units  and  sedimentary
I

processes .
I             Based  on  subsurface  correlation  of  Mississippian

uhits  throughout  a  two-county  region   (Ness  and  Hodgeman
I

Cdunties,   Kansas;   Figure  2)   and  corroboration  with  core
I

materials  from  the  Bindley  Field,     a  new  lower
I

Meramecian  stratigraphic  framework  is  presented  herein.
I

The  correlation  is  based  on  wells  which  penetrated  the
Ientire  Mississippian  section  and  a  substantial  portion

of  the  ordovician  section.     Based  largely  on  gamma-ray

lpg  character  and,   secondarily  on  porosity/resistivity

lbg  character,   discrete  intervals  of  lower  Meramecian
I

rbcks  may  be  recognized  throughout  the  correlation  area.
I

These  intervals  are  generally  separated  by  a  relatively
I

diistinct  increase  in  gamma-ray  response  and,   as  such,
I

xpay  represent  time-stratigraphic  events  as  opposed  to
I

Simple  lithologic  change.     The  sedimentary  basis  for

+his  division  of  intervals,   as  indicated  by  the  Bindley
Field  core  materials,   and  the  implications  for  time-
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I

sdratigraphic  definition  will  be  addressed  in  a  later
I

section.
I            The  stratigraphic  subdivision  of  lower

Mdramecian  rocks  proposed  in  this  study  is  illustrated
I

in  Figure  6.     The  base  of  the  Meramecian  series  is

cdincident  with  the  top  of  the  osagian  series.    For  the

pulrposes  of  this  study,  the  top  of  the  "Osagian"  series
I

is  selected  to  coincide  with  a  gamma-ray  marker  which
Iin?y  be  correlated  regionally  (i.e.   at  least  within  the

tulo-county  area) .     It  is  important  to  note  that  this
I

horizon  may  not  precisely  correspond  to  the  top  Osagian
IaF  Selected  on  the  basis  of  lithologic  criteria,

biostratigraphic  evidence,  or  oil field  usage.     It  is
I

simply  used  as  the  most  distinct  reference  horizon  which
.IlF  near  that  generally  ascribed  to  the  top  of  the

obagian  series.
I

I              In  ascending  order  beginning  at  the  top  of  the

q'sagian  reference,  each  distinct,  overlying  interval  is
designated  as  Meramec  1,   Meramec  2,   Meramec  3,   etc.,

I

respectively,  to  the  point  of  truncation  at  the  basal
I

Pennsylvanian  unconformity.     No  attempt  is  made  to
differentiate  these  intervals  in  terms  of  the  more

I

qommonly  used   formation  names   (e.g.   Warsaw,   Salem,
I

etc.).     However,   Ebanks  et  al.    (1977)   stated  that
dertain  rocks  in  Bindley  Field  contain  foraminiferal
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as±ociations  indicative  of  the  Salem  Formation  (Figure

5)I,  but  ascribed  the  productive  rocks  in  Bindley  Field

to'  the  Warsaw  Formation.
I             Regional  correlation  of  the  Meramec  1,2,3  and  4

ihtervals  allows  the  construction  of  a  detailed  sub-
Pdnnsylvanian  subcrop  map  and  the  correlation  of

ihdividual  producing  horizons.    Figure  7  illustrates  the

sJb-Pennsylvanian  subcrop  pattern  in  northwestern

Hddgeman  County.     Coincident  with  the  regional  subcrop

illustrated  in  Figure  I,  the  local  subcrop  pattern  is
cdnsistent  with  uplift  and  truncation  of  progressively
oalder  intervals  to  the  northeast.     In  addition,   smaller-
sdale,  pre-Pennsylvanian  structural  features  are

revealed.
I             The  subcrop  pattern  is  also  evident  in  cross-

sdction.     Figures  8   (cross-sections  HB-HB' ;   rear  pocket)

ahd  9   (cross-sections  SB-SB' ;  rear  pocket)   illustrate

dip  and  strike  cross-sections,  respectively,   through

nbrthwestern  Hodgeman  County,   which  display  the

progressive  truncation  of  lower  Meramecian  intervals  at
the  basal  Pennsylvanian  unconformity.     In  each  figure,

tdyo  representations  of  the  same  cross-section  are  shown.

The  upper  cross-section  in  each  f igure  is  a

stratigraphic  section   (Figures  8A  and  9A)   using  the  base

of  the  lowermost  Cherokee  limestone   (Pennsylvanian;

DEsmoinesian  series)   as  the  datum   (see  Figure  6).     To
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I

the  extent  that  the  base  of  the  lowermost  Cherokee
Ilimestone  was  a  relatively  flat  surface  at  the  time  of

I

deposition,  the  stratigraphic  section  (upper  cross-
section)   represents  the  approximate  structural
coLfiguration  of  the  lower  Meramecian  intervals  at  the

tile  of  Cherokee  transgression  (i.e.  reflective  of
st'ructure  shortly  after  the  close  of  the  unconformity
eJent) .    The  lower  cross-section  in  each  figure  is  a

structural  section   (Figures  88  and  98)   hung  on  a  present

sJbsea  datum,  reflecting  the  present  structural  attitude
of  the  intervals.

I              Figure  8   (cross-section  HB-HB' ;   rear  pocket)

ddmonstrates the  relation  of  lower  Meramecian  intervals

td  the  basal  Pennsylvanian  unconformity  in  the  regional

dip  direction   (NE-SW) ;   from  Hallet  Field,   to  Hummel

Field,   and  through  Bindley  Field.     Figure  8  illustrates

the  progressive  truncation  of  lower  Meramecian  intervals

td  the  northeast  through  the  Hummel  Field,   and  a

structural  reversal  between  the  Hummel  and  Bindley

Fields   (probable  fault).     The  Meramec  2  interval  is

ehergent  at  the  unconformity  over  the  crest  of  Bindley

Field.

I               Figure  9   (cross-sections  SB-SB' ;   rear  pocket)

illustrates  the  relation  of  lower  Meramecian  intervals
tb  the  basal  Pennsylvanian  unconformity  in  the  regional

strike  direction   (NW-SE) ;   from  Stairett  Field,   to  Pawnee
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IBranch  Field,  through  Bindley  Field.     Figure  9

Idemonstrates  the  progressive  truncation  of  the  Meramec  3

and  Meramec  2  intervals  approaching  the  Pawnee  Branch

FiLld  from  both  the  northwest  (Stairett  Field)   and  the

soLtheast   (Bindley  Field).     Stairett  Field  and  Bindley

Fi[ld  produce  primarily  from  the  Meramec  2  interval  on

thL

Pa

flanks  of  the  positive  structural  feature  underlying
Lnee  Branch  Field,   as  the  Meramec  2   interval

aJproaches  and  emerges  at  the  basal  Pennsylvanian

uhconformity.
I            It  is  noteworthy  that  post-unconformity

structural  movement  is  generally  an  amplification  of

mdre  subtle  structure  which  existed  at  or  shortly  after
the  time  of  the  close  of  the  unconformity  event,   as

demonstrated  by  the  dif ference  in  structural  attitude
between  the  stratigraphic   (Figures  8A  and  9A)   and

structural   (Figures  88  and  98)   cross-sections.
I             Recognition  of  this  stratigraphic  framework

allows  the  assignment  of  specif ic  productive  intervals

td  each  field.    In  doing  so,   it  is  evident  that
reservoirs  develop  discretely  within  each  of  these  lower

M6ramecian  intervals.     For  example,   referring  to  Figures

7|8,   and  9  for  field  locations,  the  Hallet  Field

p+oduces  primarily  from  the  Meramec  4  interval;  the
Hhmmel,   Bindley,   and  Stairett  Fields  produce  primarily

from  the  Meramec  2  interval;   and  the  Pawnee  Branch  Field



produces  from  the  Meramec  1  interval.     Each  of  these
fields  produce  at  a  location  where  the  productive
ilterval  is  either  exposed  at  the  basal  Pennsylvanian
unconformity  or  is  in  close  proximity  beneath  it.

21



CHAPTER  V

GEOLOGY   OF   BINDLEY   FIELD

MississiDDian  SubcroD

Bindley  Field  is  situated  where  the  Meramec  2

interval,  the  primary  producing  interval  in  the  field,
emErges  from  beneath  the  Meramec  3  interval  at  the  basal

PeLnsylvanian  unconformity   (Figure  lo).     An  erosional

wedge  of  the  Meramec  3   interval  overlies  much  of  the

soLthwestern  portion  of  the  field.     The  progressive

trLncation  of  the  Meramec  3  interval  on  the  f lanks  of

Bilndley  Field  is  evident  in  Figures  8  and  9.     Three

wdlls  along  the  southwestern  margin  of  the  f ield  were

oJiginally  perforated  in  both  the  Meramec  2  and  remnant

Mdramec  3   intervals.     Four  wells  were  originally

pdrforated  in  the  Meramec  3  interval  only.     The  Meramec
3  lproducers  were  among  the  poorest  producers  in  the

faleld.

I             Within  the  Meramec  2  subcrop  displayed  in  Figure

ld,   contour  lines  indicate  the  thickness  of  the  Meramec

2 linterval  which  has  not  been  truncated  at  the  basal

Pdnnsylvanian  unconformity   (i.e.   is  preserved).     The

o+iginal  thickness  of  the  Meramec  2  interval,  where  it
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FIGURE  10-    Pre-Pennsylvanian  subcrop  of  lower

i:::::::::::::::::!f:::::::::i::::?::::!:::::i:¥i:::
iruncated  at  the  basal  Pennsylvanian  unconformity) .    Theverage  thickness  of  Meramec  2  where  it  is  not  truncated
is  45-50  feet.    Note  the  progressive  truncation  of  the

Ieramec  2  on  the  northwestern  end  of  the  f ield
pproaching  an  inferred  normal  fault.    The  abrupt  shiftin  subcrop  pattern  across  the  fault  suggests  that  the

€::::.originated  prior  to  the  end  of  the  unconformity



haF  not  been  truncated,   averages  45-5o  feet.     In  the

no

24

Fthwestern  portion  of  the  f ield  a  signif icant  portion
of  the  Meramec  2  interval  has  been  truncated.    This

eJosion  is  associated with  a  southeastward  plunging
ahtiform  structure  discussed  below.

MississioDian  Structure

Bindley  Field  is  situated  on  a  southeast

tLending  antiform  structure  which  is  comprised  of

s+aller-scale  structural  prominences  as  indicated  by

present  structure  on  top  of  the  Meramec  2  interval

(Figure  llA).     Present  structural  closure  in  the
in]jority  of  the  field  ranges  from  50-75  feet.     The  field

i!  also  situated  on  the  downthrown  side  of  an  inferred

nqrth-south  trending  normal  fault  which  borders  the

field on  the  west.    The  fault  is  indicated  by  the  abrupt

shift  in  the  subcrop  pattern  (Figures  7  and  10) ,   as  well

a!by significant,  present  relief  of  up  to  100  feet  at

the  Mississippian  level  across  the  fault  trend   (F`igure

ltA)..

The  evolution  of  the  structure  through  time  is
evidenced  by  the  signif icantly  smaller  closure

shrrounding  the  f ield  at  the  time  of  the  Cherokee

t+ansgression  (i.e.  shortly  after  the  close  of  the

urconformity  event) ,  as  indicated  by  the  paleostructure

of  the  top  of  the  Meramec  2  interval   (Figure  Ilo) .     The
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FIGURE  llA-    Present  subsea  structure  on  top  of  Meramec
2.Th
antifoElf::::c€:r:i:=::Sdi:nc:ms:I:::a:: ::::€:::scalestructural  prominences.    True  structural  closure
exceeds ,50  feet  in  the  majority  of  the  field.    The

ecoincid nce  of  the  f ield  boundary  with  structural
closure 'indicates  that  structure  is  an  integral
::in:S::i:n:fo::::Ei:: :EeB::::::cF:e::+e|o::re::3e::et
across  the  inferred  fault  bordering  the  f ield  to  the
west .
of  the 8

ontours  are  dashed  in  the  northwestern  portion
ield  where  the  Meramec  2  is  partially  truncated

by  pre-Pennsylvanian  subaerial  exposure.     The  position
of  the
adding #:u::t:::t:: :::u#:r::e:e:oy:: :::::::d (::e
Figure   10) .
backgroTnd.

FIGURE
Paleosti

The  f ield  area  is  indicated  by  the  stipled

18-    Paleostructure  on  top  of  Meramec  2.
ucture  is  represented  by  the  isopach  of  the

interval  from  the  base  of  the  lower  Cherokee
transgr
to  Figui:S:y:  Li::::::: ::a:h:h:°:o::rM::::::e:  (refer
limestone  was  deposited  on  a  relatively  flat  surface,

iitheisoconfigu
the  Che
unconfo

ach  illustrates  the  approximate  structural
ation  of  the  top  of  Meramec  2  at  the  time  of
okee  transgression  (i.e.  at  the  close  of  the
mity  event) .     The  top  of  Meramec  2   in  the

northwestern  portion  of  the  f ield  was  restored  in  the

I::rt:SF€::::i::dd:::n:i::::sl:i;t €£:Parison of
same  rna
Figure
structurally  highest  portion  of  the  field  (northwestern

P::i:n:::i:::mg:::::€:r:r¥:C::i::n:fa:h:nM::::=:

i::t::es:::c:::::n:e::::::::: :::w::: similarity

end)   ex
2.      The
llA  but'with  closure  of  only  20-30  feet.     The
differe
paleost
in  structural  trend  demonstrates  that  present  structure
|S  an  a

Tplification  of  pre-existing  structure
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paleostructural  trend  approximates  that  of  Figure  llA,
but  structural  closure  in  the  majority  of  the  field  at
this  time  only  ranged  from  20-30  feet,  demonstrating

th
Pe

lt  present  structure  is  an  amplification  of  pre-
Lnsylvanian  structure.    The  local  structural

27

prtminences  which  comprise  the  overall  antiform  trend
art  also  more  evident  on  the  paleostructure   (Figure  lib)

thin  on  the  present  structure   (Figure  llA) .
I            The  present  configuration  of  the  Mississippian

erbsional  surface   (Figure  12A)   represents  the  present

tobographic  expression  of  the  Mississippian  surface  with

anl overprint  of  post-unconformity  structural  movement.

ThE  present  highs  on  the  erosional  surface  are

delineated  by  prominent  northwest-southeast  trending

lows,   and  by  less  prominent  southwest-northeast  trending

lows   (the  contours  have  been  drawn  to  accentuate  these

febtures) .     The  trend  of  these  lows  is  suggestive  of

prleferential  dissolution  of  exposed  Mississippian  rocks
ih  quasi-orthogonal,   sublinear  trends  which  are  probable

frdacture  trends,   and  is  consistent  with  observations  of

the  configuration  of  the  basal  Pennsylvanian

uhconformity  surface  in  other  portions  of  the  lower

Mdramecian  subcrop  as  well  as  in  the  subcrop  of  the

Cambro-Ordovician  Arbuckle  dolostones  exposed  over  the

Central  Kansas  uplift   (Figure  1).     The  paleotopography

of  the  Mississippian  surface  at  the  time  of  the  Cherokee
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FIGURE  12A-     Present  subsea  ''structure"  on  top  of
Mississ
the  top
basal  Pdnnsylvanian  conglomerate   (refer  to  Figure  6) .
Because  this  represents  a  disconformable  erosional
surface,I  the  subsea  configuration  of  this  surface  does
not  rep
topogra

i::i:a; u:3:r:::tM±:s::€:p:i::o£:::mb=:::::e:=:

iesent  true  structure,  but  represents  thehy  of  the  Mississippian  erosional  surface  with
the  overprint  of  post-unconformity  structural  movement.
Due  to
movemen
evidenti

he  ef fect  of  post-unconformity  structural
the  southeast-trending  antiform  feature  is

especially  over  the  central  axis  of  the  field.
The  field  area  is  indicated  by  the  stipled  background.

FIGURE 128-    Paleotopography  of  the  Mississippian
unconformity.     The  paleostructure  is  represented  by  the
isopach ,of  the  interval  from  the  base  of  the  lower

iCherokeuppermo
transgressive  limestone  to  the  top  of  the

t  in  situ  carbonate  beneath  the  basal
Pennsylvanian  conglomerate   (refer  to  Figure  6)
Assumin
a  relat
approxiI

the  lower  Cherokee  limestone  was  deposited  on
vely  flat  surface,  the  isopach  indicates  the
ate  topographic  expression  of  the  Mississippian

unconformity  at  the  close  of  the  unconformity  event
NW-SE     and  NE-SW  trending  lows  are  evident
have  been  drawn  to  accentuate  these  linear
which  represent  probable  fracture  trends.
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t+ansgression   (Figure  128) ,  which  does  not  include  the

0
Terprint  of  post-unconformity  structural  movement ,

emphasizes  the  trends  in  the  erosional   (dissolution)
I

I ows ,

LithotvDes

Bindley  Field  cores  collectively  sample  the

stratigraphic  sequence  from  the  lower  portion  of  the

M!ramec   1

30

interval  to  the  lower  portion  of  the  Meramec  3

i+terval.     No  single  core  encompasses  this  entire

interval.     Each  core,  with  two  exceptions,   covers  a

:i::::::::t±::::::nr::k:h:r::r:::CL:w::t:=:::c :he two
¢

ihterval  only.

I             Six  distinct  lithotypes  are  recognized  and  are
nTmbered  sequentially  in  ascending  order  of  f irst

occurrence.     Three  lithotypes   (Lithotypes  1,2,   and  4)

ctntain  subtypes,  designated  by  sequential  letter
dtsignations   (i.e.   Lithotypes  4A,   48,   4C,   4D).     Each

I+thotype,   and  most  subtypes,   represents  a  discernable

rick type  of  probable  environmental  significance.     The

six  lithotypes  are  listed  below  and,  where  applicable,

the  equivalent  facies  of  Ebanks  et  al.   (1977)   is

included  in  parentheses.     Though  Ebanks  et  al.   (1977)

rFcognized  a  similar  number  of  lithotypes  as  in  this

study  (five  vs.   six) ,  they  did  not  discern  any  subtypes.
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I.ithotype  1-        Interlayered  organic  Dolomudstone  and

I                           Cherty  Dolostone   (Cherty  dolomite  facies)
hotype  2-

Lithotype  3-

Spiculitic  Dolomudstone   (Spicule

dolomite  facies)

Wavy  I,aminated,   Argillaceous

Dolomudstone   (included  in  Cherty  dolomite

I                              facies)
Lithotype  4-        Echinoderm/Bryozoan  Lithofacies

I                              (Bryozoan  dolomite  facies)

Lilehotype  5-         Argillaceous  Dolomudstone/Dolomitic

I                             Shale   (Conglomeratic  shale  facies)
Lithotype  6-         Breccia   (Breccia  facies)

LilehotvDe  1-  Interlavered  Oraanic  Dolomudstone  and

Chert Dolostone

i             Description.     Lithotype  1   (Figure  13)   consists

:jg:::::::::r::I::::=o::°TL;t:::::C::;a:;ds:::h::y
light  brownish  gray,  spiculitic,  cherty  dolostone

(I|ithotype  18).     Individual  layers  range  in  thickness
from one  to  four  inches.     Contacts  between  alternating

layers  range  from  sharp,   planar   (or  concavo-convex)   to

cJntorted  and  burrowed.     The  most  distinctive  features

o£  Lithotype  1  are  alternating  color  banding   (Lithotypes

lA  Vs.   ]8;   Figure  13A) ,   the  occurrence  of  white  and

light  gray  chert  nodules  in  Lithotype  18   (Figure  13A) ,



I

FIGURE  li3-  Core  and  Thin-Section  Photographs  of
Lithotype  1.

A)   Core  Photograph  of  Lithotype  1  illustrating

::;a:::i::::in:::¥:::,L:::o:¥Efo:§p:in:S±T¥±:::w:£own,
cherty
is  shariolostone).     Contact  between  Lithotype  lA  and  18.     Lithotype  lA  contains  chalcedony  and  quartz-

:i:::i:i:::Ss£:|g:h:;:::I:i:::::::r::i:::t?:rsa::undant
sparse,  isolid  chalcedony/quartz  nodules   (C) .   Scale  bar
is   1   cm.
4 , 691-9

lined  g!

::::::tI

Oasis   #1   Deutsch   (NE/4   SE/4,   33-21S-24W),

8)   Core  photograph  of  chalcedony  and  quartz-
odes  in  Lithotype  lA.    Silicified  spicule
ations  in  Lithotype  28  can  be  seen  at  top  and
f  photo.     Scale  bar  is  1  cm.     Oasis  #1  Deutsch

(NE/4   SF/4,    33-21S-24W),    4,688-89'.

do|omud±::n:h:=;::::i:; E::::::C::g=::?  °:a::::°:X::b:A
::::::Xd:::e::::. cos::s::i::t::ed:::k::o::a:a:::ia|  is
S:::::: ,i;:;:r;E/::a::-Z:;-::wl:04T:g5::::    oasis  #1

::::-::?
::: :;a8
S::::itf
:::::s:8

D)   Thin-section  photomicrograph  of  amorphous,
que,   organic  material   (0)   in  Lithotype  lA.erial  is  typically  oriented  parallel  to  bedding
ommonly  contorted  around  dolomite  crystals.
ity  decreases  toward  the  margins  and  on  top  of
crystals,  giving  the  appearance  of  a  fluid

The  inclusions  are  interpreted  as  bitumen.
r  is  loo  microns.     Oasis  #1  Deutsch   (NE/4   SE/4,
4W),    4,680.5'

I E)   Thin-section  photomicrograph  of  silica-
:a:::::8n;P::::=tc?:;e::==::::s±:h::::::X::t::.mo:::Wn
:::t:::Edomorphs  of  monaxon  sponge  spicules.     Note  the

pseudomorph  of  a  spicule  axial  canal   (S) .
Scale  bar  is  100  microns.   Plane  light.     Oasis  #1
Deutschl   (NE/4   SE/4,    33-21S-24W),    4,686.2'.

I  F)   Thin-section  photomicrograph  of  the  same

¥:::e:sE:::::es:3:u±:sr:::e:::: ::I::;t ::e:::¥::::: of
i:=7:.sE;:}e3::=i±:2:£9,in::::::; ,.Oasis  #1  Deutsch

I
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I

and  the  presence  of  silica-lined  geode  structures
I

(FJigure  138)   in  Lithotype  lA.     Lithotype  1  is  limited  to
tie  lower  portion  of  the  Meramec  1  interval.

I

The  dolomudstone  of  Lithotype  lA  contains  sparse

mdnaxon  sponge  spicules  and/or  silica-cemented  spicule

mdlds  and  a  small  volume  of  detrital  clay   (generally

l!ss  than  5%  of  matrix  volume) .     Based  on  petrographic

character  (fibrous  crystal  habit,  yellowish
birefringence)   and  X-ray  diffraction  patterns,  the  clay
i!  composed  principally  of  illite.     Disseminated,

sJbangular  quartz  silt  grains   (20-50  micron  diameter)

cJmprise

Dblomite

less  than  one  percent  of  matrix  volume.

fabric  exhibits  bimodal  character  with  30-50

micron,   subhedral  to  euhedral  dolomite  rhombs  dispersed

ih  a  matrix  of  5-2o  micron,   subhedral  to  euhedral

dblomite   (Figure  13C).     The  larger  rhombs  commonly

cbntain  a  rhombic  core  which  is  darker  and  more

ihclusion-rich  than  the  outer  rim.    Abundant  reddish

blown,   semi-opaque,   amorphous  inclusions    which  occur  in

elongate  and  contorted  form  between  dolomite  crystals

are  probable  bitumen   (Figure  13D).     These  inclusions  and

the  presence  of  f ine  organic  matter  contribute  to  the

rich  brown  color  of  the  dolomudstone.     Fine,

dELsseminated  pyrite  is  a  minor  constituent  and  is

frequently  observed  as  a  replacement  of  the  core  of

lLrger  dolomite  crystals.     Pyrite  also  occurs  as  a
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reblacement  of  the  amorphous  organic  inclusions.

CoLpacted  horizontal  burrow  traces  of  one  millimeter  or
I

leis  in  diameter    are  present.    Randomly  dispersed

gepdes  of  less  than  1  centimeter  in  diameter  and  lined
by| chalcedony  and  quartz  are  abundant.     These  geodes

also  occur  in  discrete,  horizontal  layers  within  and
neLr  the  top  of  Lithotype  1  intervals.     The  chalcedony

and  quartz  contain  abundant,   lath-like  to  irregular
I

inFlusions  of  anhydrite.

I            The  cherty  dolostone  of  Lithotype  18  contains
abundant  monaxon  sponge  spicules,   spicule  molds,   and

sillica  cemented  spicule  molds   (Figure  13A).     Dolomite

f]bric  is  similar  to  that  of  Lithotype  lA   (i.e.  bimodal,
I

same  size  ranges) .     Large  burrows  one  to  two  centimeters
I

i|  diameter  within  Lithotype  18  commonly  disrupts  the

cqntact  between  Lithotypes  lA  and  18.     Many  burrows  are

selectively  silicified  if  filled  with  spicules.    Small,

hdrizontal  burrow  traces  of  approximately  one  millimeter

ih  diameter  are  common.     White  to  light  gray,
I

irregularly-shaped    ''chert"  nodules  are  abundant  and
I

distinguish  Lithotype  18  from  Lithotype  lA.

P¢trographic  examination  reveals  that  these  nodules  are

typically  chalcedony  and  chert-cemented,  grain-supported

ctncentrations  of    spicules   (Figures  13E,13F).     The
Imargins  of  the  silicified  nodules  typically  contain

I

bimodal  dolomite.     Areas  surrounding  the  chert  nodules



arF  dolomudstone  and  contain  fewer  spicules  and/or

ch
FIcedony-cemented  spicule  molds.     Chert  nodules

36

display  clusters  of  preferentially  aligned  spicules  (or
ceLented  spicule  molds).     Chert  nodules  commonly  contain

fractures  cemented  by  chalcedony  and/or  quartz.     In

adpition  to  the  chert  nodules,   small  chalcedony/quartz

nodules  containing  abundant  inclusions  of  anhydrite  are

PJesent.    They  are  of  similar  size  to  the

chalcedony/quartz  geodes  of  Lithotype  lA,   but  lack

hqllow  centers  and  are  much  less  abundant.

retation. Lithotype  lA  is  interpreted  to
represent  sedimentation  in  a  quiet,  evaporitic,   lagoonal

eivironment.     Deposition  in  such  an  environment  is

indicated  by  the  abundance  of  replaced  evaporites

(Jhalcedony/quartz  nodules)   which  do  not  occur  in  the
ihmediately  overlying  sediment,  the  highly  restricted

f]una,   the  presence  of  an  apparent  elevated

concentration  of  organic  matter,  the  paucity  of  vertical

bJrrowing  and  bioturbation,   and  the  presence  of  detrital

clay..     Chalcedony/quartz  nodules  and  geodes  are

i+terpreted  to  be  replaced,  displacive  evaporite  nodules

with characteristics  similar  to  those  described  by

Chowns  and  Elkins   (1974).     Geodes  result  from

rtplacement  of  the  periphery  of  the  evaporite  nodule

fdllowed  by  dissolution  of  the  unreplaced  interior

eYaporite,   and  solid  nodules  result  from  complete
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replacement  and/or  cementation  of  precursor  geodes  with

qufrtz   (for  more  detailed  discussion  of
Chflcedony/quartz  nodules,   refer  to  Lithotype  2  below) .

The  interlayers  of  Lithotype  18  are  interpreted
to' represent  periodically  deposited  storm  layers  from

I

::i:::::±o:r::t:a;:r:i::°::::o:;;esT:: :::e:::dthe sharp
I

contacts  between  alternate  layers   (with  rare  evidence  of
Iscbur)   and  the  marked  contrast  in  sediment  type  are

Icohsistent  with  episodic  introduction  of  "foreign"
I

sediment.     The  light  color  and  preferential  burrowing  of

LiLhotype  18  ref lect  the  oxygenated  character  of  the

storm-deposited  sediments.     The  mud-free,   grain-

sJpported  concentrations  of  preferentially  aligned
sJicules  within  a  spiculitic  dolomudstone  fabric

probably  represent  storm-graded  layers  and/or  sponge
fJagments deposited  within  a  muddy  host  sediment.

I             Ebanks  et  al.   (1977)   referred  to  these  rocks  as

the  "cherty  dolomite  facies"  and  interpreted  that  they

wire  deposited  in  a  supratidal  environment.     No  genetic

distinction,   however,   was  made  by  Ebanks  et  al.   between

chalcedony/quartz  nodules  and  chert  nodules.     Both  types

o±  silica  structure  were  interpreted  by  Ebanks  et  al.  to

b!  silica-replaced  evaporites.    Their  supratidal

ihterpretation  was  based  on  the  interpretation  of  chert

nbdules  as  replaced  evaporites  and  the  structural



sinilarity  of  the  chert  nodules  to  modern  supratidal
eJaporite  structures.    Other  sedimentary  structures

I

w|ich  they  noted   (e.g.   curled  dolomite  laminae,  wavy-

i|terlaminated  dolomite  and  shale,   scoured  bedding

surfaces)  are  eith.er  non-diagnostic  or  bear  only
sulperficial  resemblance  to  supratidal  structures.

Lithotvoe  2-  Soiculitic  Dolomudstone
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i             Description.     In  general,   Lithotype  2  is  a  tan
tq  light  greenish  gray  dolomudstone  with  monaxon  sponge

spicules,   spicule  molds,   or  molds  cemented  by  calcite  or

chalcedony  as  the  dominant  skeletal  constituent.

sb icules  may  be  dispersed  or  concentrated  in  wispy

lfyers  Which,   when  represented  by  molds,   are  typically

oil  stained.     Subordinate  concentrations  of  pelmatozoan

and  fenestrate  bryozoan  fragments  occur  in  some  layers.

Skeletal  concentrations  range  from  the  mudstone  limit  of

lb%  grains   (Dunham,   1962)   down  to  negligible  amounts.     A

vLguely  pelleted  fabric  can  be  seen  in  thin  section.
I

Dplomite  fabric  is  bimodal,  with  30-50  micron,   subhedral

tp  euhedral  rhombs  dispersed  in  a  matrix  of  5-20  micron,

spbhedral  to  euhedral  dolomite.    The  larger  rhombs  often

dlisplay  euhedral  cores  which  are  darker  and  more

ihclusion  rich  than  the  enclosing  rims.
I

The  variety  of  Lithotype  2  rocks  necessitates

its  subdivision  into  two  subordinate  lithofacies.
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Lhotype  2A  occurs  in  the  upper  portion  of  the  Meramec

1  interval  and  Lithotype  28  occurs  as  thin,  laterally
coritinuous  layers  within  the  Meramec  2  interval.

LiLhotype  2A   (Figure  14A)   is  characterized  by  a  very

lipht  tan  color,  graded  layers,  and  amorphous  chert

::u[::::e:;±g:::I::B::r±=::::,b:::::c::a::Ss:::ous
burrow  traces  are  much  less  abundant.     Thin,   planar

|a
rinations  and  short,  vertical  cracks  which  terminate

at  a  common  horizon  are  observed  rarely.

ale
Graded  layers  of  skeletal  grains   (Figure  14C)

common  in  Lithotype  2A.     These  layers  typically

display  a  sharp,   scoured  contact  with  underlying

mJdstone,   overlain  by  grain-supported  sediment  which

glades  vertically  to  spiculitic  dolomudstone.    Skeletal

grains  in  the  lower  portions  of  graded  layers  are
cJmmonly  pelmatozoan  and  fenestrate  bryozoan  fragments.

iyers  range  f ron  approximately  2  to  8  inches  in
thickness  and  are  commonly  observed  in  a  regularly

r!peated  vertical  sequence.

I              Lithotype  28   (Figure  14D)   is  characterized  by  a

:ig::
brownish  gray  to  greenish  gray  color,   admixtures

of  small  bryozoan  and  echinoderm  grains,   indistinct

bulrrow  mottling,   and  may  contain  thin   (up  to  a  few

Cfntimeters) ,  gradational  interlayers  of  greenish  gray,

argillaceous  dolomudstone   (Lithotype  5).     Small,



::::::::-:-::-:::i-;::::;::-;::::-:;;::::-::::-:--:::;-:-::-::-:-:--:::::::-:::-=

I

I

I
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hdrizontal  burrow  traces,  distinct  from  the  vague  burrow

mqttling,  are  most  evident  in  the  argillaceous  material.
Chalcedony/quartz  nodules  are  most  frequently  observed

Lithotype  28.    Calcite-cemented  vertical  fractures

ate  also  common  in  Lithotype  28.

Two  types  of  silica  structures  are  present  in
Lithotype  2:   1)   amorphous  chert  zones   (Lithotype  2A)   and

2)I  well-defined,   chalcedony/quartz  nodules  and  geodes

(Tithotype  28) .     The  zones  of  amorphous  chert  are  white
td  medium  gray  in  color  with  sharp,   smoothly  curved

bdundaries   (Figure  14E).     Shape  ranges  from  horizontally

dtgitate  to  amorphous.     Sedimentary  fabrics  pass  through
the  silicified  areas  without  interruption  indicating

at  the  silicified  areas  are  not  burrows.
C?ncentrations  of  oil-stained  spicule  molds  commonly

surround  the  silicified  areas   (Figure  14E).     In  some

Clses,   it  is  evident  that  a  grain-rich,  skeletal  layer
wPs  preferentially  silicified;  however,   in  the  majority

of  cases  no  such  skeletal  layer  is  evident.
I              The  well-defined,   chalcedony/quartz  nodules  and

geodes  are  distinctly  different  from  the  amorphous  chert
structures.     Both  solid  and  hollow   (geodal)   nodules

otcur  in  three  morphologic  forms:   1)   as  horizontal

layers  of  vertically  elongate  nodules   (Figure  15A) ;   2)

aF horizontal  layers  of  isolated  or  laterally
coalescing,   enterolithic,   subround  nodules     (Figure



I

I

FIGURE  15-  Core  and  Thin-Section  Photographs  of
Lithotype  2.

cha|ced#/=:=t!h::::::P:a;:rv::t:::::¥y;:egg?teLayer
exhibits  a  sharp  contact  above  and  below  with  enclosing
sedimen
are     CO

•     Dark  blotchy  areas  below  the  nodule  layer
centrations  of  oil-stained  spicule  molds   (M)

Black  line  below  nodule  layer  is  artificial.    Scale  bar
is   1  cm
4 , 679-8

Oasis   #1   Waiter   (NW/4   NW/4,    3-22S-24W)  ,

8)   Core  photograph  of  chalcedony/quartz  nodule
layer  in  Lithotype  28  comprised  of  laterally

inB:u::::-°?#/¥°S:;::.33:::::2:a;,i:::4;:;°'
C)   Core  photograph  of  isolated,   subround

Oasis   #1   Smith   (SW/4   NW/4,    34-21S-24W)  ,

coalesc
Oasis   #

chalcedony/quartz  nodules  in  Lithotype  28.     Scale  bar
is   1  cm
4 , 647-4

I D)   Thin-section  photomicrograph  of  the  interior
of  a  chalcedony/quartz  nodule   (geode)   which  has  been
cemente
interio
euhedra
the  voi

!
a

with  calcite.     Euhedral  quartz   (Q)   lines  the
of  the  geode.    A  large,   inclusion-free,
calcite  crystal   (C)  has  partially  grown  into
leaving  open  pore  space   (P).     The  light  areas

at  the  edge  of  the  calcite  crystal  represent  removal  of
:::o::¥E

tal  edge  during  thin  section  preparation.    The
tone  encasing  the  nodule   (M)   is  evident  at  the

edge  of  the  photo.     Scale  bar  is  100  microns.     Oasis  #1
Deutsch|  (NE/4   SE/4,    33-21S-24W),   4,645.4'.

fragment:)o:h::;:::::::n:h:::::C::g:=Pfe::e::tted

;i:::::i::::;:::::i:g:;:::::::g::::::i::::;.::::::::
Oasis   #F   Everton   (SW/4   SE/4,   34-21S-24W),   4,677.3'.

I
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15b) ;   and  3)   as  isolated  subround  nodules   (Figure  15C) .

ThF  isolated  nodules  and  layers  of  subround  nodules  were

previously  noted  in  Lithotype  lA  where  geodal  forms

pr[dominate.    Vertically  elongate  nodules  are  subround
in|  cross-section  and  coalesce  laterally.     Internodule

areas  in  the  horizontally  layered  forms   (vertically
el'ongate  and  enterolithic)   commonly  contain  small,

al|gular  to  subangular  fragments  of  dolomudstone  which

:i:d:i:::::n:yf:::::i:a::::a:::g:::c::: ) ;f i::::r:::::t
cdntain  relict  inclusions  of  anhydrite.    Remaining  void

space  between  nodules  and  the  dolomudstone  fragments   (if
I

present)   is  typically  cemented  with  poikilotopic  or
cdarse,   equant  calcite.     Dolomudstone  enclosing  the

n
1dules  and  nodule  layers  is  commonly  spicule-moldic,

and  sediment  is  deformed  around  the  isolated  nodules.
I             Silica  within  nodules  is  generally  characterized

by  alternating  zones  of  spherules,   radiating  blades,   or

fans  of  chalcedony,   and  mosaic  quartz.     The  term
"dhalcedony"  as  used  with  regard  to  these  nodules

includes  fibrous  forms  of  quartz  which  typically  display

a  brown  color  in  transmitted  light,  and  is  inclusive  of

q`lartzine  and  lutecine  as  described  by  Milliken   (1979) .

Nbdules  are  also  observed  which  consist  solely  of  a

single  silica  phase.
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(            Four  observations  indicate  that  the  nodules  are
replaced  anhydrite  structures.    First,  chalcedony  and

q`]artz  contain  abundant  lath-like  to  blocky  inclusions
oi  anhydrite  with  the  greater  concentration  in  quartz
crystals   (Figures  16A,168).     Inclusions  display

rpunded,   diffuse  edges,   and  adjacent  inclusions  commonly

e¥hibit  the  same  optical  orientation.      Secondly,  quartz
crystals  which  contain  anhydrite  inclusions  commonly

exhibit  a  sweeping  extinction  characteristic  of  quartz
I

which  has  replaced  evaporite  minerals   (Milliken,   1979) .
I

Ttird,   as  reported  by  Ebanks,   et  al.   (1977),   the

CTalcedony  exhibits  length-slow  character  which  has  been

construed  as  evidence  of  chalcedony  replacement  of
I

eTaporite  minerals   (Folk  and  Pittman,1971).     Lastly,

pseudomorphs  of  bundles  or  rosettes  of  laths  of  probable
I

former  evaporite  minerals  are  also  evident.     Centers  of
I

some  nodules  in  Lithotype  28  which  were  once  hollow  are
I

cemented  with  coarsely  crystalline  calcite   (Figure  15D) ,

ftrroan  baroque  dolomite,  mosaic  quartz,   or  banded
I

chalcedony.    Where  carbonate  minerals  fill  the  center  of
I

nodules,   the  carbonate  surrounds  euhedral  quartz

ttrminations  and  is  inclusion-free,   indicating  that  the

cLrbonate  is  a  void-filling  cement  rather  than  a
Ireplacement  of  anhydrite.     Mosaic  quartz  and  banded

cLalcedony  in  the  center  of  some  nodules  are  inclusion-

fLee  whereas  quartz  and/or  chalcedony  comprising  the



I
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I

FIGURE
Lithotyi:=  :O::da:?  Thin-Section  Photographs  of

rn::::.i
A)   Thin-section  photomicrograph  of  a  euhedral
rystal   (Q)   bordering  pore  space   (P)   in  the
of  a  chalcedony/quartz  nodule.     Lithotype  28.

:::::°:i?g£;4  §:;::  g::2±S_±:£)T±:::;;: 3 ,?asis  #1

!:::::z8
8)   Same  view  as  in  Figure  16A  in  cross-
d  light.    Quartz  contains  abundant  lath-shaped
ns  of  anhydrite   (A).     Scale  bar  is  100  microns.

Oasis   #|   Everton   (SW/4   SE/4,   34-21S-24W),   4,677.3'

parting±C)(sf°::dp::::g::::I;fs:::::t¥£:i:;dog;;Pfa:::Le
:::u±:sL t¥L. ar:a:::r;:ts::::::  :5w7:t§;;¥7e33:2L§:::;, ,
4 , 686-87 ' .

D)   Core  photograph  of  swarms  of  horizontal
burrowsl (H)   with  oxidized  halos  in  Lithotype  3.     The
|ocaliz
layer  0
Llthoty
(SW/4   S

tion  of  the  burrows  may  represent  a  burrowed
oxygenated  sediment   (e.g.   a  storm  layer  of

e  18).     Scale  bar  is  1  cm.     Oasis   #6  Deutsch
/4,    34-21S-24W),   4,687-88'

I E)   Core  photograph  of  laterally  coalescing

::::::§8::£r::tfi:£::;;: 5T'  g::::nb:=g::i:-:::h oasis
#1   Schauvliege   (SE/4   Ow/4,   33-21S-24W),   4,710-11'.
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Perimeter  of  the  nodule  contain  abundant  inclusions.
I

The  inclusion-free  quartz  does  not  exhibit  sweeping

extinction.      These  characteristics  indicate  that  the
I

inFlusion-free  silica  is  a void-filling  phase.
The  chalcedony/quartz  nodules  are  not

I

distributed  uniformly  or  randomly  within  Lithotype  28,
I

but  typically  are  concentrated  in  discrete  horizons
I

within,   or  near  the  top  of  Lithotype  28  units.     All
I

I

three  forms  do  not  always  occur  in  the  same  unit.

49

1            Interpretation.     Lithotype  2A  is  interpreted  to
reipresent  deposition  in  a  restricted,  oxygenated,   lower

iqtertidal  environment  with  periodic  episodes  of  storm

sqouring  and  sedimentation.     The  highly  restricted  fauna

and  the  predominance  of  small,   horizontal  burrows  argue

fpr  a  stressed  environment.    The  lack  of  clearly  defined

a]gal  laminations,  mud  cracks,   fenestral  or  birdseye

structures,   root  zones,  oxidized  horizons,   or  flat

P8bbles  exclude  any  supratidal  influence;  however,   a

peritidal  influence  is  possible.     Certain  features,   such
as  flat,   millimeter-scale  laminations   (Hardie,1977)and

sport  vertical  fractures  which  terminate  at  a  common

level   (mud  cracks?)   may  be  construed  as  intertidal  zone

indicators.    A  very  light  sediment  color  is  also

generally  associated  with  intertidal  sediments   (Shinn,
1P83) ,   and  attests  to  oxidized  conditions  within  the

Sediment  during  deposition.     The  amorphous  chert
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stlructures  are  interpreted  to  be  products  of  local
rqdistribution  of  dissolved  spicule  silica  which

preferentially  replaced  concentrations  of  grain-
supported  skeletal  fragments,  and  silicified  spiculitic
mJdstone  in  association  with  fluid  migration/dif fusion

zones .

Lithotype  28  is  interpreted  to  represent
deposition  in  a  low  energy,   subtidal  environment  which

Iranged  from  restricted  to  evaporitic.    The  low  diversity

fauna  of  small  forms  and  the  presence  of  clay  minerals

attest  to  restricted,   low  energy  conditions.     The  cause

of  restriction  is  not  apparent  but  may  relate  to  shelf-
wide  restriction  caused  by  buildup  of  of fshore  barrier

I

cbmplexes  or  by  the  lowering  of  relative  sea  level

adross  broad  expanses  of  low-angle,   shallow  shelf  which

dqmpen  wave  and  tidal  mixing   (Irwin,   1965) .

The  occurrence  of  chalcedony/quartz  nodules,
I

ihterpreted  as  replaced  evaporites,  within  the  upper

pbrtions  of  Lithotype  28  occurrences  further  indicates  a
r+stricted,  evaporitic  environment.    Vertically  aligned
fprms  of  evaporite  minerals  are  currently  regarded  as

indicative  of  precipitation  of  single  crystals  of  gypsum

iL  subaqueous  evaporitic  settings  at  or  slightly  below

the  sediment/water  interface   (Warren  and  Kendall,   1985) .

The  observation  that  the  vertically  elongate
Cralcedony/quartz  nodule  layers  are  horizontal  and  have
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slarp  contacts  with  underlying  and  overlying  sediment
s+pports  this  interpretation.    The  presence  of  fitted

:I:=:::Sn::u:::C::;t::a:::::e::a:e:::e:e::::::a:::
partly  lithified  at  the  time  of  evaporite
CTystallization  and  that  the  crystals  grew  partially
within  the  sediment.     Inter fragment  quartz  which

contains  anhydrite  inclusions  indicates  that
fragmentation  occurred  prior  to  or  concurrent  with

evaporite  emplacement.     Subaerial  exposure,   however,   is

dbubtful  because  it  is  unlikely  that  the  vertically
a+igned  nodule  layers  would  have  remained  upright  and

aligned  if  subjected  to  periodic  exposure.     The

pbikilotopic  or  coarse,  equant  calcite  in  internodule
areas  may  f ill  void  space  created  by  dehydration  of

gypsum  to  anhydrite.
I

I

Layers  of  laterally  coalescing  subround  nodules

(¢nterolithic  form)   and  isolated  subround  nodules  are
I

iTldicative  of  displacive  evaporite  growth  within
I

sediment   (Warren,1989).     The  observed  sediment

deformation  surrounding  isolated  chalcedony/quartz

npdules is  consistent  with  displacive  growth;  however,

post-depositional  compaction  of  mud  around  an  evaporite
nbdule  may  cause  a  similar  effect.     The  lack  of  features

indicative  of  periodic  subaerial  exposure  or  supratidal

conditions  supports  a  subtidal  origin  for  these  replaced
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eviporites.    Enterolithic  layers  and  isolated  nodules
are  interpreted  to  have  been  emplaced  below  the

sediment-water  interface  during  periods  of  evaporitic
I

cohditions  in  the  overlying  water  mass.
I           The  general  interpretation  of  these  silica

nodules  and  geodes  as  replaced  evaporites  is  consistent

With  the  interpretation  of  similar  nodules  from

Meramecian  rocks  in  other  areas  of  the  U.S.    (Chowns  and
I

Elkins,1974;   Milliken,1979;   Maliva,1987).     However,

these  authors  have  proposed  modes  of  formation  of  the

evaporite  nodules  which  are  dif ferent  from  the  subtidal

i|terpretation  of  this  study.     Chowns  and  Elkins   (1974)

considered  such  nodules  to  have  been  emplaced  within

s!diment  in  a  supratidal  environment,  but  acknowledged

that  no  sedimentary  features  diagnostic  of  supratidal

environments  were  observed  other  than  the  presence  of

replaced  evaporite  minerals.       Maliva   (1987)   proposed  a
I

I

mechanism  of  evaporite  nodule  emplacement  in  sediments

bJried  at  shallow  depths   (tens  of  meters)   in  association

with  ref lux  dolomitization  during  a  later  period  of

eTaporitic  surface  conditions;  however,   the  reasons  for

dismissing  a  peritidal,   supratidal,   or  syndepositional
I

sulbtidal  origin  were  the  lack  of  features  indicative  of
Ia' supratidal  setting  and  the  interpretation  that  the

in+ddy  layers  or  lenses  containing  nodules  were  of  normal

mprine  origin.     Ebanks  et  al.   (1977)   attributed  the
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origin  of  the  Bindley  Field  nodules  to  periodic

sipratidal  exposure  of  discontinuous  portions  of  a  mound

as  it  built  to  sea  level.

LithotvDe  3-Wavv  Laminated,   Araillaceous  Dolomudstone

Description.     Lithotype  3   (Figure  16C)   is  a

variant  of  Lithotype  lA  and  occurs  as  the  dominant
Icapping  Lithotype  of  the  Meramec  1  interval.         In

addition  to  the  characteristics  described  for  Lithotype
lA,   Lithotype  3  exhibits  concentrations  of  wavy,

hprizontal  shale  partings.     Subhorizontal  zones  of

concentrated  organic  material  are  also  evident.     Relics

o±  silicified,   tan  dolomudstone  commonly  are  observed

between  shale  partings.     Thin  concentrations   (one  inch

or  less)   of  swarms  of  horizontal  burrows  with  oxidized

rtnds  may  represent  bioturbated  remnants  of  tan,

spiculitic  dolomudstone  layers   (Figure  16D).     Isolated

chalcedony/quartz  nodules  and  contorted  enterolithic

chalcedony/quartz  layers  which  represent  replaced

eTaporites  are  a  distinctive  feature  of  Lithotype  3

(figure  16E).     Individual  nodules  display  irregular,
horizontally  elongate  shapes   (as  opposed  to  subround)

ahd  occur  between  shale  partings.

Interpretation.    Lithotype  3  is  interpreted  to

rtpresent  deposition  in  an  intertidal  environment,

probably  in  a  higher  position  on  the  tidal  flat  than



54
I

Lithotype  2A.    The  concentration  of  shale  partings

causes  the  increased  gamma-ray  response  which  separates

the  Meramec  1  from  the  overlying  Meramec  2  interval  on

r]dioactivity  logs  (Figure  6).    The  shape,  orientation,

a+d  size  of  the  chalcedony/quartz  nodules  and  their

PToximity  to  Shale  partings  superf icially  resemble
cemented  fenestral  voids  within  algal  laminated

s¢diments  deposited  in  high  intertidal  to  supratidal
settings.    The  presence  of  replaced  evaporites  which  are

I

confined  to  Lithotype  3  and  the  underlying  Lithotype  1,

bht  do  not  occur  in  the  immediately  overlying  sediment,

tpe  abundance  of  horizontal  burrow  traces,  the

restricted  fauna,  and  the  presence  of  organic  matter,

ail  support  the  interpretation  of  deposition  in  a  high
iptertidal  environment.     Lithotype  3  gradationally  caps

Lithotype  2A  at  the  top  of  the  Meramec  1  interval.     A

very  thin  veneer  of  Lithotype  28  containing  vertically

elongate  chalcedony/quartz  nodules  commonly  overlies

Lithotype  3  at  the  top  of  the  Meramec  1  interval.

LithotvDe  4-  Echinoderm/Brvozoan  Lithofacies

Description.     Lithotype  4  is  subdivided  into
I

fbur  subtypes  which  ref lect  depositional  fabric  and

dbminant  mineralogy  as  follows:



Lithotype  4A-  Dolomudstone   (Figure  17A)

Lithotype  48-  Dolowackestone   (Figure  178)

Lithotype  4C-  Dolopackstone/grainstone   (Figure

17C)

Lithotype  4D-  Lime  grainstone   (Figure  17D)

55

Dolopackstone  and  dolograinstone  fabrics  are  not  clef ined

separately  (Lithotype  4C)   due  to  the  difficulty  in

discriminating  former  interparticle  mud  in  pervasively

dQlomitized  rocks.     Lithotype  4  is  confined  to  the
I

Meramec  2  and  Meramec  3   intervals.
I

Lithotype  4  ranges  from  light  grayish  brown  to

dark  brown  in  color,   the  darker  brown  hues  being

imparted  by  oil  stain.     The  dominant  skeletal

constituents  are  pelmatozoan  and  fenestrate  bryozoan
I

fragments.     In  the  grainier  subtypes,   ramose  bryozoa  and

bfachiopods  are  cormon,   and  pelecypods  and  endothyrid

fbraminifera  are  present  in  minor  numbers.     Pelmatozoan

fragments  are  typically  disarticulated  but  are  not
highly  abraded  or  micritized.    Articulated  stem  and

calyx  segments  occur  in  the  grainier  subtypes.

PElmatozoan  fragrments  range  from  o.5  to  4  millimeters  in

dimension,  with  the  largest  bioclasts  generally

cpncentrated  in  the  grainiest  subtypes.    Fenestrate

bryozoa  are  preserved  as  frond  fragments  with  larger
I

fragments  generally  preserved  in  muddier  subtypes.

Erachiopod  and  pelecypod  tests  are  typically



I

I

FIGURE  17-  Core  and  Thin-Section  Photographs  of
Lithotype  4.

( doiomud3to::re #::::::::g°£u:i:3°:3E:1:3 texture  and
disseminated  echinoderm  and  bryozoan  bioclasts.     Scale
bar   is   1  cm.      Oasis   #1  Waiter   (NW/4   NW/4,   3-22S-24W),
4 , 6644-45 ' .

tB)   Core  photograph  of  Lithotype  48
(dolowadkestone).     Oil-stained  molds  of  fenestrate
bryozoa  are  abundant.     Molds  of  echinoderm  grains  are
also  evident.     Scale  bar  is  1  cm.     Oasis  #1  Deutsch
(NE/4   SE/4,    33-21S-24W),    4,619-20'.

C)   Core  photograph  of  Lithotype  4C
(dolopackstone/grainstone).     Molds  and  dolomitized
pseudomorphs  of  echinoderm  and  bryozoan  bioclasts  are
abundant.     Scale  bar  is  1  cm.     Oasis   #1  Deutsch   (NE/4
SE/4,    33-21S-24W),    4,627-28'.

'D)   Core  photograph  of  Lithotype  4D   (lime
grainstone)  with  prominent  horizontal  stylolite.
Echinoderm  and  bryozoan  bioclasts  are  dominant.
Interparticle  areas  are  cemented  with  calcite.
Scattered  echinoderm  grains  have  been  selectively
silicified.     Scale  bar  is  1  cm.     Oasis  #1  Waiter   (NW/4
NW/4,    3+22S-24W),    4,668-69'.

E)   Core  photograph  of  the  muddy  top  of  a  graded
layer  ahd  the  base  of  the  overlying  graded  layer.     The
base  of  the  overlying  layer  is  in  sharp   (scoured?)
contact  with  the  muddy  top  of  the  underlying  layer.
The  muddy  cap  and  the  contact  surf ace  have  been
slightly  burrowed   (8).     Scale  bar  is  1  cm.     Oasis  #1
Smith   (SW/4   NW/4,    34-21S-24W),    4,637-38'.

I

I

I

1
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disarticulated  but  articulated  pelecypod  valves  with  no
internal  sediment  were  observed.     Monaxon  sponge

spicules  occur  in  the  muddiest  subtypes.    Small  subround

ihtraclasts  of  dolomudstone  (0.5-1  centimeter)   are  rare

cdnstituents  of  Lithotype  4C.    Skeletal  fragments  may  be

pheserved  as  skeletal  calcite,  as  fully  dolomitized
pseudomorphs,   as  molds,   as  molds  of  partially
dolomitized  grains   (dolomite  remains  undissolved) ,   or  as

calcite-cemented  molds.     Detrital  mud  is  pervasively

ddlomitized .

Graded  layers  are  common  in  Lithotype  4   (Figure

17E).     In  the  grainier  subtypes   (Lithotypes  4C  and  4D),

a  scoured  basal  contact  with  underlying  sediment  is

common,   overlain  by  grain-supported  sediment  which

grades  vertically  into  muddier  sediment,   frequently
I

capped  by  dolomudstone   (Lithotype  4A).     Graded  layers

typically  range  from  4  to  8  inches  in  thickness  and

cdmmonly  occur  in  repeated  vertical  sequence.     Wavy  to

undulose  layering  and  fabric  transitions  are  common.     In

the  muddier  subtypes,  basal  scours  are  less  frequent  and

the  fabrics  are  more  mud  dominated.     Successive  graded
I

layers  may  cannibalize  all  or  a  portion  of  the  preceding
I

ldyer,  leaving  little  or  no  evidence  of  the  precursor
layer,  particularly  the  muddy  cap.

Lithotype  4  is  highly  bioturbated  by  vertical
burrowers  and  individual  burrow  traces  up  to  1
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centimeter  in  diameter  are  common.     Burrows  in  the  mud

caps  of  graded  layers  are  f illed  with  grain-supported
sediment  from  the  overlying  layer   (Figure  18A).     Mud

caps  of  graded  layers  may  be  bioturbated  to  the  extent
that  very  little  evidence  of  the  mud  layer  remains

(Figure  188).       Stylolites  are  very  common  in  Lithotype
4,  particularly  in  Lithotypes  4C  and  4D.     Vertical

fractures  occur  but  are  not  abundant.    Fractures  are

either  open  and  solution  widened  or  cemented  with

calcite,
The  fabric  of  dolomitized  mud  is  characterized

by  10-20  micron,   anhedral  to  subhedral  dolomite  matrix

with  dispersed  30-60  micron,   anhedral  to  subhedral

rhombs   (Figure  18C).     The  larger  crystals  are  less

abundant  than  those  in  Lithotypes  1-3   (i.e.,   Figure  18C

vs.   Figure  13C).     The  fabric  of  dolomitized  skeletal

fragments  is  characterized  by  20-60  micron,   anhedral  to

euhedral  dolomite   (Figure  18C).     Dolomite  crystal  size

and  fabric  is  a  good  general  guide  to  precursor  host

sediment   (i.e.   skeletal  grains  vs.  mud),   but  it  is  not

absolute.     Dolomitized  pelmatozoan  fragments  exhibit

variable  dolomite  fabrics  ranging  from  that  stated  above

to  10-20  micron,   anhedral  dolomite  which  may  resemble

dolomitized  mud  if  grain  boundaries  are  not  evident.

Partially  dolomitized  syntaxial  calcite  cement  exhibits



FIGURE  18-  Core  and  Thin-Section  Photographs  of
Lithotype  4.

A)   Core  photograph  of  grain-filled  burrows   (8)
in  the  muddy  cap  of  a  graded,   Lithotype  4C  layer.
Burrows  are  f illed  with  dolomitized  bioclasts  from  the
overlying  graded  layer.    Burrowing  has  partially
degraded  the  muddy  cap.  .  Scale  bar  is  1  cm.     Oasis  #3
Deutsch   (NW/4   SW/4,   34-21S-24W) ,   4,655-56'.

8)   Core  photograph  of  a  former  muddy  cap  of  a
graded  layer  which  has  been  nearly  completely
obliterated  by  burrowing.     Only  patches  of  mud   (M)
which  are  confined  to  a  thin,  horizontal  zone  remain.
Scale  bar  is   1  cm.     Oasis   #3   Deutsch   (NW/4   SW/4,   34-
21S-24W),    4,656-57'.

C)   Thin-section  photomicrograph  of  dolomite
fabrics  in  dolomitized  mud  and  skeletal  grains  of
Lithotype  4.     Dolomitized  mud   (M)   is  characterized  by
10  micron,   cloudy,   subhedral  to  anhedral  dolomite.
Dolomite  in  partially  dolomitized  and  leached  skeletal
grains   (G)   is  comprised  of  larger   (20-30  micron) ,
clear,   subhedral  to  euhedral  crystals.     Dissolution  of
undolomitized  skeletal  calcite  in  partially  dolomitized
skeletal  grains  has  resulted  in  partial  molds  of  former
bioclasts.     Scale  bar  is  100  microns.     Oasis  #3  Deutsch
(NW/4   SW/4,    34-21S-24W),    4,631.9'.

D)   Thin-section  photomicrograph  of  calcite
cemented  interparticle  pore  in  Lithotype  4D.     The
majority  of  the  pore  is  filled  by  a  syntaxial  calcite
overgrowth   (0)   on  the  adjacent  echinoderm  grain   (E).     A
very  thin  crust  of  equant  calcite  crystals   (C)   border
bryozoan  grains   (8).     Oasis   #7   Deutsch   (SE/4SW/4,   34-
21S-24W),    4,650.1'.

E)   Thin-section  photomicrograph  illustrating
the  preferential  dolomitization  of  non-echinoderm
constituents  in  Lithotype  4D.     Dolomite  is  distributed
preferentially  in  mud-filled  bryozoa   (8) ,   at  grain
contacts,   and  at  the  boundary  between  echinoderm  grains
(E)   and  associated  syntaxial  cement   (S).     The  interior
of  cemented  bryozoa   (C)   has  not  been  dolomitized.
Scale  bar  is   100  microns.     Oasis   #1  Everton   (SW/4   SE/4,
34-21S-24W),    4,676.2'.

I
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larger,   clear,   euhedral  dolomite  rhombs  which  commonly

exceed  loo  microns.

Undolomitized  skeletal  grains  are  most

frequently  preserved  in  the  grain-supported  Lithotypes
4D  and  4C.     Micritic  sediment  fills  bryozoan  zooecia  and

the  stereome  pore  network  of  some  pelmatozoan  grains.

Some  zooecia  contain  bladed  and/or  equant  calcite

cement,   either  in  conjunction  with  micritic  sediment  or

as  a  complete  intraparticle  pore-filling  .    Where

micritic  sediment  and  calcite  cement  occur  in  a  single

zooecium,   geopetal  associations  are  observed.

Interparticle  pore  space  in  Lithotype  4D  (lime

grainstone)   is  generally  fully  cemented  by  calcite,  both
as  syntaxial  overgrowths  on  pelmatozoan  grains  and  as

equant  crystals  bordering  non-pelmatozoan  grains   (Figure

18D).     Graded  layers  are  present  in  Lithotype  4D,   the

upper  portions  of  which  are  characterized  by  less  muddy

fabrics  as  compared  to  other  Lithotype  4  subtypes.

Burrowing  and  bioturbation  are  sometimes  evident  in  the

upper  portions  of  such  graded  layers.

Lithotype  4D  may  be  partially  dolomitized  with

dolomite  content  ranging  from  zero  to  less  than  50%  of

the  rock  matrix.     Dolomitization  occurs  preferentially

in  mud  and  non-pelmatozoan  grains   (Figure  18E).     Many

such  non-pelmatozoan  grains  are  indentif iable  as  bryozoa

whereas  others  are  not  clearly  identifiable.    The



presence  of  dolomitized  mud,  mud  clasts,   or  other
dolomitized  skeletal  grains  cannot  be  ruled  out.
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Interpretation.    Lithotype  4  represents
deposition  in  a  normal  marine,   shelf  environment  which

was  periodically  winnowed  by  storms.     The  stenohaline

faunal  assemblage   (Heckel,   1972,   his  Figure  3;   Fl±gel,

1982,  his  Table  49)   and  the  high  degree  of  bioturbation

indicate  a  normal  marine  environment.     The  preservation

of  graded  layers  implies  that  normal  wave  action  was  at

a  minimum;   otherwise  it  would  be  expected  that  the

graded  layers  would  have  been  reworked  into  a  more
homogeneous  fabric.     The  lack  of  coated  grains  in  grain-

supported  subtypes  also  indicates  a  lack  of  constant

agitation.     Such  an  environment  could  result  from  a

position  below  normal  wave  base  or  from  the  damping  of

normal  waves  in  a  more  offshore  locality  by  a  barrier

complex  or  a  broad  expanse  of  a  gently  sloping  ramp.

The  presence  of  repeated  graded  layers  with

scoured  bases  and  vertically  gradational  textures  is
consistent  with  periodic  storm  deposition   (Aigner,   1984;

Hand ford,1986;   Morton,1988).     The  presence  of  mud  in

pelmatozoan  stereome  pores  and  bryozoan  zooecia  within

otherwise  mud-free  subtypes  indicates  original

deposition  of  skeletal  grains  in  a  muddier  sediment  and

subsequent  winnowing  of  the  mud  fraction.     The

occurrence  of  mud  clasts  in  Lithotype  4C  is  also
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consistent  with  episodic,  high-energy  deposition.    The

non-abraded  nature  of  skeletal  grains  and  the  presence
of  articulated  pelmatozoan  segments  in  Lithotypes  4C  and

4D  argues  for  local  redeposition,   as  opposed  to

transport  and  redeposition  distal  from  the  sediment

source   (e.g.   as  a  storm  sheet;   Kreisa,1981).

Structures  considered  diagnostic  of  storm  layers  such  as

oscillatory  ripples,  climbing  ripple  cross-
stratification,   and  hummocky  cross-stratification  formed

by  waning  oscillatory  or  bidirectional  flows   (Aigner,

1984;   Hand ford,   1986;   Morton,   1988)   were  not  observed.

However,  graded  layers  typically  display  indistinct,

wavy  lamination  and  undulose  fabric  transitions  which

may  represent  similar  processes.     In  addition,  the

absence  of  such  features  does  not  disqualify  a  storm

interpretation.     Such  structures  may  not  have  formed,

they  may  not  have  been  preserved   (i.e.   destroyed  by

subsequent  sedimentary  processes,   burrowing,   or

dolomitization)   or,   as  pointed  out  by  Morton   (1981) ,

they  may  not  be  discernable  within  the  narrow  diameter

of  a  core.

Each  subtype  represents  a  position  within  an

energy  spectrum  ranging  from  low  energy   (Lithotype  4A)

to  high  energy   (Lithotypes  4C  and  4D) .     In  the  grain-

supported  Lithotypes  4C  and  4D,   graded  layers  most

frequently  display  basal  scours  and,   where  no  muddy  caps
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of  graded  layers  are  evident,  complete  bioturbation  of

muddy  caps  or  cannibalization  of  the  muddy  caps  by

overlying  graded  layers  is  suggested.    In  addition,

grain  size  reaches  a  maximum  in  these  subtypes.
In  the  mud-supported  Lithotypes  4A  and  48,  basal

scours  in  graded  layers  are  less  frequently  observed,
fabrics  in  graded  layers  are  muddier,   and  grain  sizes

are  generally  smaller  than  those  in  the  grain-supported
subtypes .

Lithotype  4  is  gradational  upward  into  Lithotype

28.     As  such,  vertical  transitions  from  muddier

Lithotype  4  fabrics   (i.e.   Lithotype  4A)   to  Lithotype  28

may  represent  an  evolution  of  restriction  and  stress  on

the  normal  marine  skeletal  constituents  as  opposed  to

simply  representing  normal  marine,   lower  energy

conditions .

LithotvDe  5-  Arcfillaceous  Dolomudstone/Dolomitic  Shale

Description.     Lithotype  5  occurs  as  the  capping

lithotype  of  the  Meramec  2  interval  and  as  very  thin   (up

to  a  few  centimeters) ,  gradational  intercalations  within

Lithotype  28  layers  within  the  Meramec  2   interval.

Lithotype  5  ranges  from  medium  brownish  gray  to  greenish

gray  in  color   (Figure  19A).     Detrital  clay  is  abundant
and  may  comprise  more  than  50%  of  the.matrix  VOJ.ume

(Figure  198).     X-ray  diffraction  analysis  indicates  the



FIGURE  19-  Core  and  Thin-Section  Photographs  of
Lithotypes  5  and  6.

A)   Core  photograph  of  Lithotype  5
(argillaceous  dolomudstone/dolomitic  shale).     The  highclay  content  contributes  to  the  horizontal  fissility.
Scale  bar  is   1  cm.     Oasis   #3   Deutsch   (NW/4   SW/4,   34-
21S-24W),    4,642-43'.

8)   Thin-section  photomicrograph  of  dolomite
and  clay  fabric  in  Lithotype  5.     Dolomite  crystals   (D)
are  rhombic  to  irregularly  shaped.     Clay  minerals   (C)
are  dominated  by  laths  of  illite  distributed  between
dolomite  crystals.     Scale  bar  is  loo  microns.
Beardmore  Oil   #1  Shelton   ''A"    (SE/4   SE/4,   28-21S-24W),,
4 , 629 . 5 '  .

C)   Thin-section  photomicrograph  of  chert-
cemented  monaxon  spicule  mold  in  Lithotype  5.     Scale
bar  is  100  microns.     Beardmore  Oil   #1  Shelton  ''A"
(SE/4   SE/4,    28-21S-24W),    4,619.6'.

D)   Core  photograph  of  Lithotype  6   (breccia)
consisting  of  chaotic,  well-1ithified  clasts  of
Lithotype  28.     Green  silty  and  sandy  clay   (C)   fills
the  areas  between  clasts  and  encloses
chalcedony/quartz  nodules   (N)   derived  from  the
brecciated  host  rocks.     Scale  bar  is  1  cm.     Oasis  #1
Deutsch   (NE/4   SE/4,    33-21S-24W),   4,611-12'.

E)   Core  photograph  of  Lithotype  6  consisting
of  fitted  clasts  of  Lithotype  28.     Scale  bar  is  1  cm.
Oasis   #1   Schauvliege   (SE/4   NI/4,   33-21S-24W),   4,673-
74'.

F)   Core  photograph  of  one  side  of  a  vertical
fissure  crosscutting  Lithotype  48.     Green  clay   (C)   and
rubble  clasts  (R)   filled  the  fissure.    Scale  bar  is  1
cm.      Oasis   #4   Deutsch   (SE/4   SE/4,   33-21S-24W),   4,639-
40'.
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clay  is  dominantly  illite  with  subordinate  amounts  of

kaolinite.    Where  clay  content  is  high,  the  rock
exhibits  darker  color  and  horizontal  fissility.    Changes
in  clay  content  are  gradational.     Disseminated,

subangular  quartz  silt  (20-50  micron)   comprises  less

than  one  percent  of  the  rock matrix.    Skeletal

constituents  are  sparse  and  consist  mainly  of  monaxon

sponge  spicules  or  chalcedony-cemented  spicule  molds

(Figure  19C).     Compacted  traces  of  fenestrate  bryozoa
are  present.     Thin  wavy  laminae  are  characteristic  with

darker,   argillaceous  laminae  commonly  alternating  with

lighter  colored,   less  argillaceous  laminae.     Reddish

brown,   amorphous  organic  inclusions,   as  described  in

Lithotype  1,   are  common.     Small,   compacted,   horizontal

burrow  traces  are  present  but  are  not  abundant.

Dolomite  fabric  is  bimodal  and  is  characterized  by  5-20

micron,   anhedral  to  subhedral  matrix  dolomite  with

disseminated  rhombs  of  30-50  micron  subhedral  to

euhedral  dolomite   (Figure  198).     The  larger  rhombs

commonly  exhibit  a  euhedral,   inclusion-rich  core

surrounded  by  a  clear  rim.     Irregularly  shaped  and

subround  chalcedony/quartz  nodules  are  present  as

isolated  or  layered  forms,  but  in  low  abundance  as

compared  to  Lithotype  1.     The  petrographic  character  of

the  nodules  is  as  described  in  Lithotype  28,   indicating
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the  former  presence  of  evaporite  nodules.     Fine,

disseminated  pyrite  is  common.

69

Interpretation.    Lithotype  5  represents
deposition  in  a  quiet,  slightly  evaporitic,  possibly
brackish  environment.    The  highly  restricted  and  sparse

fauna,  the  abundance  of  detrital  clay,  the  presence  of
organic  matter  and  the  presence  of  replaced  evaporites

attest  to  these  conditions.    The  type  of  clay  minerals,

the  nature  of  the  quartz  silt  constituent,  the
occurrence  of  isolated    chalcedony/quartz  nodules,   and

the  dolomite  fabric  are  very  similar  to  Lithotype  1.

Lithotype  5  lacks  interlayers  of  cherty  dolostone,

contains  a  substantially  larger  fraction  of  clay,   and

contains  less  apparent  organic  material  and  a  lower

abundance  of  replaced  evaporites,  but  is  otherwise  very

similar  to  Lithotype  1.     No  features  were  observed  which

indicate  a  periodically  exposed  or  supratidal
environment.     As  such,   the  depositional  environment  is

interpreted  to  be  similar  to  that  of  Lithotype  1  with
the  exception  that  the  setting  was  not  proximal  to  a

source  of  distinctly  different  sediment  (e.g.   Lithotype

2A)   which  was  introduced  by  storms,   or  the  setting  was

more  protected  from  the  effects  of  storm  energy.     Such

an  environment  may  represent  a  more  widely  restricted

(geographically) ,   less  evaporitic  setting  than  that  of
Lithotype  1.     The  high  clay  content  and  less  abundant
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replaced  evaporites  as  compared  to  Lithotype  1  may

reflect  brackish  conditions  related  to  shoreline-derived
freshwater  sources.     Carozzi   (1989,   p.   108)   has

described  very  argillaceous,   silty  carbonate  sediments

from  the  Cretaceous  of  Brazil  which  were  deposited  in  a

restricted  lagoon  proximal  to  a  f luvio-deltaic
shoreline.

LithotvDe  6-  Breccia

Description.     Lithotype  6  ranges  from  light

brown  to  medium  brownish  green.     Poorly  sorted,   angular

to  subangular  breccia  clasts  range  from  sand  to  boulder

size  and  consist  of  well-lithified  fragments  and

residuum  of  surrounding  lithotypes   (Figure  19D) .

Lithotype  28  is  most  frequently  observed  as  breccia

clasts.     Fragments  of  skeletal-moldic  Lithotype  4C  with

oil  stain  also  occur.     Interclast  matrix  generally

cc)nsists  of  light  to  medium  green  silty  and  sandy  clay

(Figure  19D).     Breccia  fabrics  range  from  fitted  mosaics

to  chaotic   (Figures  19D,19E).     Rubble  and  clay-filled

vertical  fissures  are  present   (Figure  19F).     Breccia

blocks  larger  than  the  diameter  of  cores  are  indicated

by  zones  of  tilted  depositional  layering  clef ined  by

zones  of  smaller  breccia  fragments  or  green  clay

residue.     Breccia  zones  are  most  common  immediately

below  the  basal  Pennsylvanian  unconformity,   but  solution
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brecciation  ef fects  are  observed  tens  of  feet  below  the

unconformity  surface,  particularly  on  the  flanks  of  the
field.

Interpretation.    Lithotype  6  represents
dissolution  and  brecciation  associated  with  inf lux  of
meteoric  water  during  exposure  at  the  basal

Pennsylvanian  unconformity.     The  concentration  of

breccia  zones  below  the  unconformity  surface  and  the

diminished  occurrence  distal  from  the  unconformity

surface  support  the  association  with  the  unconformity

event.     Presence  of  rubble  and  clay-filled  vertical

fissures  indicates  downward  eluviation  of  residues.     The

nearly  ubiquitous  association  of  green  clay  residues

with  brecciated  zones  suggests  that  brecciation  is  of

common  origin.     No  conclusive  evidence  was  observed

which  would  indicate  that  any  substantial  portion  of  the

brecciation  occurred  prior  to  the  inf iltration  of
meteoric  water  in  association  with  pre-Pennsylvanian

exposure,   although  that  possibility  can  not  be  entirely

ruled  out.

Distribution  of  LithotvDes

The  vertical  and  lateral  distribution  of
lithotypes  define  the  three  dimensional  depositional

architecture  of  the  field.    Study  of  the  depositional

architecture  makes  it  possible  to  reconstruct  the
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depositional  morphology,  the  relationship  of

depositional  factors  to  reservoir  distribution,  and  the
dynamics  of  sedimentation.

The  vertical  sequence  of  lithotypes  in  the
center  of  the  field  is  illustrated  in  Figure  20.    The
Meramec  1  interval  is  comprised  of  Lithotype  1

(interlayered  organic  dolomudstone  and  cherty  dolostone)
in  the  lower  portion  which  is  conformably  overlain  by

Lithotype  2A   (spiculitic  dolomudstone) ,   which  is  capped

in  turn  by  Lithotype  3   (wavy  laminated,   argillaceous

dolomudstone).     Lithotypes  1,   2A,   and  3   are  confined  to

the  Meramec  1  interval.     The  Meramec  2   interval

generally  exhibits  a  sharp,   scoured  contact  with  the
underlying  Meramec  1  rocks  which  is  overlain  by  a

skeletal  lag.

The  Meramec  2  interval  is  comprised  of  six

layers,   each  consisting  of  Lithotype  4

(echinoderm/bryozoan  lithotypes)   at  the  base  and  capped
by  a  thin  layer  of  Lithotype  28.     The  base  of  each

Lith.otype  4  layer  commonly  exhibits  a  sharp  contact  with

the  top  of  the  underlying  Lithotype  28  layer.     Such  a

zonation  allows  the  separation  of  the  Meramec  2   interval

into  six  subintervals  designated  A  through  F  in

ascending  order,   each  ranging  from  4  to  14   feet  in

thickness   (Figure  20).     The  principal  reservoir  zones  in
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FIGURE  20-  Vertical  distribution  of  lithotypes  in  a
representative  Bindley  Field  well   (Oasis  #1  Deutsch,
NE/4   SE/4   33-21S-24W) .     The  division  of  the  Meramec  2
into  A-F  subintervals  is  discussed  in  the  text.    The
principal  reservoir  zones  are  contained  within  the
Meramec  2D  and  2E.     Refer  to  Appendix  A  for  key  to
structures .
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Bindley  Field  are  within  the  Meramec  2D  and  2E

sub interva I s .
The  Meramec  2  interval  is  typically  capped  by

Lithotype  5   (argillaceous  dolomudstone/dolomitic  shale)

except  where  it  has  been  truncated  by  the  basal

Pennsylvanian  unconformity  or  disrupted  by  brecciation

(brecciation  has  disrupted  Lithotype  5  in  the  well
illustrated  in  Figure  20).     Lithotype  5  correlates  to

the  gamma-ray  marker  which  clef ines  the  top  of  the

Meramec  2   interval.

Textural  characteristics  and  the  distribution  of
sedimentary  structures  change  in  consistent  patterns

within  the  Meramec  2  interval  and  indicate  an  evolution

toward  normal  marine-dominated  sedimentation  and

increasing  energy  regimes  which  culminate  in  the  Meramec

2E  interval.     Increasing  energy  regimes  are  indicated  by

several  lines  of  evidence.     Lithotype  4  fabrics

generally  decrease  in  mud  content  with  the  deposition  of
successive  subintervals,   reaching  minimum  mud  content

(packstone/grainstone)   in  the  Meramec  2E  subinterval.
The  overlying  Meramec  2F  subinterval  contains  muddier

Lithotype  4   fabrics  than  the  Meramec  2E.     Graded  layers

in  Lithotype  4  become  more  evident  and  basal  scours  at

the  base  of  graded  layers  are  most  frequently  observed

in  the  Meramec  2D  and  2E  subintervals.     The  bases  of  the

Meramec  2D  and  2E  subintervals  exhibit  a  scoured  contact
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with  the  underlying  subinterval  more  commonly  than  do

lotyer  subintervals   (except  Meramec  2A).     Grain  size

reaches  a  maximum  in  the  Meramec  2E  subinterval.

The  degree  of  restriction  represented  by
Lithotype  28  at  the  top  of  each  Meramec  2  .subinterval

also  diminishes  upward.     This  diminishing  degree  of

re'striction  upward  is  indicated  by  the  distribution  of
chalcedony/quartz  nodules.     The  size  and  frequency  of

noidule  layers  in  the  Lithotype  28  caps  diminish  in  the

upper  Meramec  2  subintervals  as  compared  to  the  lower

subintervals.     The  largest  nodules  are  observed  at  the

tops  of  the  Meramec  28  and  2C  subintervals  whereas

nodules  are  generally  smaller  or  nonexistent  at  the  top

of  the  Meramec  2E  and  2F  subintervals,   probably

indicating  less  evaporitic  conditions  during  deposition

of  the  top  of  the  Meramec  2E  and  2F  subintervals.

Within  each  Meramec  2  subinterval,   Lithotype  4

fabric  tends  to  exhibit  gradational,   lateral  changes  in

a transect  perpendicular  to  the  long  axis  of  the  f ield

(F`igure  21) ,   but  remains  fairly  consistent  along  the
central  axis  of  the  field   (Figure  22).     Lithotype  4  in

each  subinterval  contains  the  least  mud  in  the  central

portion  of  the  f ield  and  becomes  muddier  on  the  f lanks

(Figure  21).     Graded  layers  and  basal  scours  associated

with  graded  layers  are  also  more  prominent  in  the

central  axis  of  the  field  than  on  the  flanks.     Lithotype
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FIGURE  21-  Distribution  of  lithotypes  in  the  Meramec  2
interval  along  cross-section  Fd-Fd'  which  is
perpendicular  to  the  long  axis  of  the  field   (refer  to
Figure  23A  for  cross-section  trend).     The  datum  for
the  cross-section  is  the  log  marker  at  the  base  of  the
Meramec  1  interval.     Grain-supported  sediments
(Lithotypes  4C  and  4D)   are  thickest  along  the  central
axis  of  the  field.     Lithotype  4  depositional  fabrics
grade  laterally  to  muddier  facies.     Maximum
development  of  grain-supported  sedinents  occurs  in  the
Meramec  2D  and  2E  subintervals.     Lithotype  5,   which
caps  the  Meramec  2  interval,  thickens  on  the  southwest
flank  of  the  field.     Refer  to  Appendix  A  for  key  to
structures .
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FIGURE  22-  Distribution  of  lithotypes  in  the  Meramec  2
interval  along  cross-section  Fs-Fs'  which  parallels
the  central  axis  of  the  field  (refer  to  Figure  23A  for
cross-section  trend) .    The  datum  for  the  cross-section
is  the  log  marker  at  the  base  of  the  Meramec  1
interval.     Where  the  marker  was  not  drilled  or  logged,
the  location  was  estimated  based  on  correlation  with
nearby  wells.     Grain-supported  sediments   (Lithotypes
4C  and  4D)   in  the  Meramec  2D  and  2E  subintervals  are
distributed  fairly  uniformly  (relative  to  Figure  21)
along  the  central  axis  of  the  filed.    Refer  to
Appendix  A  for  key  to  structures.
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5  at  the  top  of  the  Meramec  2  interval  is  thinnest  over

the  center  of  the  f ield  and  thickens  on  the  f lanks

(Figure  21) .     Layers  of  Lithotype  28  capping  each

MeLamec  2  subinterval  are  correlative  throughout  the

field.

DeDositional  MorDholoav

The  depositional  morphology,   or  the  shape  of  the

sediment  accumulation,   is  of  importance  in  understanding

the  causes  of  localization  of  lithotypes  and,   to  the
I

extent  that  reservoir  distribution  may  be  related  to
lithotypes,  the  controls  on  reservoir  distribution.
Grain-supported  lithotypes   (Lithotypes  4C  and  4D)   in  the

Meramec  2  interval  are  concentrated  along  the  central
I

axis  of  the  field   (Figure  23A).     Mud-supported

lithotypes   (Lithotypes  28,   4A,   and  48)   are  distributed
I

in  a  reciprocal  pattern   (Figure  238)   such  that  the  areas

of  thickest  mud-supported  lithotypes  coincide  with  the

areas  of  thinnest  grain-supported  lithotypes   (i.e.   on

the  flanks  of  the  field).     Grain-supported  lithotypes

became  thicker  and  more  widespread  as  Meramec  2

deposition  proceeded   (Figures  24A-24D) ,   culminating  with

the  deposition  of  the  Meramec  2E  subinterval.     The  areal

distribution  of  grain-supported  lithotypes  diminishes
I

considerably  in  the  overlying  Meramec  2F  subinterval.

Tr.e  areas  of  thicker  grain-supported  lithotypes
Icorrelate  very  closely  with  present,  positive  structural



I

I

I

I

I

1

FIGURE  23A-  Cumulative  thickness   (feet)   of  grain-
supported  lithotypes  in  the  Meramec  2  interval.     The
trend  of  cross-sections  illustrated  in  Figures  21  and
22  are  shown.     The  field  area  is  indicated  by  the
stipled  background.

Figure  238-  Cumulative  thickness   (feet)   of  mud-
supported  lithotypes  in  the  Meramec  2  interval.     Area
of  maximum  thickness  is  indicated  by  diagonal  pattern.
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FIGURE  24-Thickness   (feet)   of  grain-supported
lithotypes  in  Meramec  2   subintervals.     A)   Meramec  2C,   8)
Meramec   2D,   C)   Meramec   2E,   D)   Meramec   2F.      The   field
area  is  indicated  by  the  stipled  background.
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features   (Figure  llA).     This,   combined  with  the

observations  that  1)  present  structural  relief  is  an
apparent  amplification  of  pre-existing  structure  (at
least  as  far  back  as  the  time  of  the  basal  Pennsylvanian

unconformity;  Figures  llA  and  Ilo) ,   and  that  2)

sedimentary  structures  indicative  of  higher  energy  (e.g.

graded  layers  and  basal  scours)   are  more  prevalent  in
th:se  same  areas,   suggests  that  the  grainier  lithotypes
were  concentrated  in  areas  of  slight,   structurally

induced  bathymetric  relief   (i.e.,   shoals).     The  lack  of

signif icant  thickening  of  Meramec  2  subintervals  on  the

flanks  of  the  field  (refer  to  Figure  22)   indicate  that

the  amount  of  relief  was  minimal.     The  thickening  of

Lithotype  5  on  the  southwest  f lank  of  the  f ield  at  the

end  of  Meramec  2  deposition   (Figure  21)   indicates  that

the  amount  of  total  relief  (structural  and
stratigraphic)   at  that  time  was  in  the  range  of  6-8

I

f Get .

Consistent  with  the  above,   it  is  interpreted

that  Bindley  Field  is  centered  on  a  low-relief  skeletal-

sand  buildup  which  is  elongate  in  the  northwest-

southeast  direction  in  association  with  very  subtle

structural/bathymetric  relief  at  the  time  of  deposition.

The  term  "buildup"   is  used  in  the  sense  of  Heckel   (1974)

which  refers  to  a  a.arbonate  mass  in  which  the  sediment

dif fers  in  nature  to  some  degree  from  surrounding
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sediments  and  which  probably  exhibited  some  degree  of

topographic  relief  at  some  time  during  its  deposition.

The  term  is  used  in  a  descriptive  sense  with  no  genetic

implication.    Total  relief  across  the  buildup  was

insufficient  to  have  caused  any  syndepositional,

gravity-induced  features  on  the  flanks  of  the  buildup,
such  as  slumps  or  debris  slides.     The  distribution  and

I

succession  of  lithotypes  are  indicative  of  a  relatively
I

shallow,  periodically  storm-swept,   inner  shelf

environment  which  was  subject  to  periodic  changes  in

sedimentary  base  level   (relative  sea  level)   and/or

changes  in  the  degree  of  sea-water  circulation.

Ebanks  et  al.   (1977)   interpreted  the  Bindley

Field  reservoir  interval  to  have  been  deposited  as  a

muddy  bryozoan  mound  or  bioherm,   flanked  by  shaly

sediments,   which  developed  enough  relief  above  the

surrounding  sea floor  to  exhibit  syndepositional,
I

gravity-induced  sedimentary  features  on  its  flanks

(". . .debris  blocks  and  submarine  slide  material
incorporated .... on  the  f lanks  of  some  bathymetric

prominence  in  the  Mississippian  sea,   specifically  the
mound...").     While  thin  interbeds  of  various  lithologies

w:re  noted  within  the  ''mound"   facies   (bryozoan  dolomite

facies)   and  the  ''mound"  sediments  were  described  as

bedded  wackestones  and  packstones,   no  description  of

their  distribution  within  the  ''mound"  was  given.     A
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schematic  representation  of  the  facies  distribution  by
Ebanks  et  al.   (1977)     depicts  the  ''mound"  as  a

relatively  homogeneous  sediment  accumulation   (Figure

25A).     Thin  interbeds  of  shale  or  argillaceous  dolomite

within  the  ''mound"  were  interpreted  as  `'extensions  onto

the  mound  of  thicker,   similar  deposits  in  wells  on  the
I

perimeter  of  the  field  area,  the  conglomeratic  shale
faties"    which  contributes  to  the  impression  of  a

discrete  mound  laterally  encased  in  shaly  sediments.     It

was  proposed  that  these  shaly  f lank  facies  were

pr:ferentially  eroded  at  the  time  of  the  pre-
Pennsylvanian  unconformity,   exhuming  the  more  resistant
''mound"   facies  at  the  unconformity  surface.     Ebanks  et

I

all.   (1977)   recognized  the  chalcedony/quartz  nodules  as

replaced  evaporites  but  interpreted  their  origin  within
the  ''mound"  to  supratidal  deposition  ''in  discontinuous

I

areas  of  the  mound  top  when  it  grew  to  sea  level"  and

did  not  recognize  the  vertically  repeated,   laterally

correlative  position  of  the  chalcedony/quartz  nodules
I

throughout  the  field.
I              The  recognition  of  lower  Meramecian

stratigraphic  intervals   (i.e.   the  Meramec  1,   2,   and  3

intervals)   and  the  highly  stratif led  nature  of  the
M!ramec  2  interval  in  this  study  allows  correlation  of

thin  units  of  laterally  equivalent  rocks  throughout  the

f ield  and  results  in  the  more  detailed  interpretation  of



I

1

I

FIGURE  25A-  Schematic  depositional  facies  model  of
Bindley  Field  in  a  north-south  cross-section  by  Ebanks
et  al.   (1977).     The  model  suggests  that  the  reservoir
facies   (bryozoan  mound)   was  deposited  as  a  relatively
homogeneous  mound  with  f lanking  shaly  sediments
(Lithotype  5  of  this  study) .
FIGURE  258-  Schematic  depositional   facies  model  of  the
Meramec  2  interval  proposed  herein  in  Bindley  Field.
Section  is  perpendicular  to  the  long  axis  of  the  f ield
(SW-NE) .     The  bulk  of  the  Meramec  2   interval   is
included  in  the  "bryozoan  mound"  facies  of  Ebanks  et
al.   (1977).     The  layered  depositional  architecture,
the  progressive,  upward  increase  in  grain-supported
sediments,  and  the  relation  of  Lithotype  5  to  the
flank  arpas  are  evident.    Reservoir  is  developed  in
grain-supported  areas.     Figure  is  not  drawn  to  scale.
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I

depositional  morphology  presented  herein  as  compared  to

that  given  by  Ebanks  et  al.   (1977).     The  overall  shape

of  the  buildup,  the  trend  in  lateral  facies  changes,  the
I

probable  degree  of  maximum  relief ,   and  the  cause  of
localization  are  more  apparent.     Deposition  of  the

Meramec  2  interval  in  the  f ield  area  was  characterized
I

by  a  series  of  six,   laterally  contiguous  cycles  of

nohal  marine  sediments  which  are  each  capped  by

restricted  subtidal  sediments   (Figure  258).     Lateral,
I

time-correlative  facies  changes  within  the  area  sampled

by' cores  are  represented  by  changes  in  sedimentary

fapric   (i.e.   grain-supported  to  mud-supported)   rather

than  a  complete  change  in  lithotype.     The  conglomeratic

shLle  facies  of  Ebanks  et  al.    (1977),   which  is

equivalent  to  Lithotype  5  of  this  study,  was  not

deposited  as  a  flanking  facies  to  the  Bindley  Field
I

reservoir  interval   (Meramec  2) ,   but  was  deposited  at  the

end  of  Meramec  2  deposition  and  only  marginally

thickened  on  the  flanks  of  the  f ield  in  accommodation  of

the  low,  depositional  relief  existing  at  that  time

(Figure  21) .

Debositional  Dvnamics

Bindley  Field  cores  provide  necessary  data  to

interpret  the  signif icance  of  the  stratigraphic
sulbdivision  of  lower  Meramecian  rocks  utilized  in  this

study.     It  is  important  to  evaluate  the  nature  of  the
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I

gamma-ray  markers  which  separate  the  lower  Meramecian

intervals   (i.e.   Meramec  1,   2,   3,   and  4),   determine

whether  they  have  time-stratigraphic  significance,  and
I

assess  what  the  intervening  sediments  represent  in  terms

of I depositional  dynamics.

The  Meramec  1  sequence  represents  a  shoaling
I

upward  peritidal  sequence  with  restricted  lagoonal

sediments   (Lithotype  1)   in  the  lower  portion  grading

vertically  into  lower  intertidal  rocks   (Lithotype  2A)
I

and  culminating  with  upper  intertidal  sediments

(Lithotype  3) .     The  gamma-ray  marker  separating  the

Meramec  1  from  the  overlying  Meramec  2   interval
I

represents  the  thin  layer  of  argillaceous,  organic-rich

sediments   (Lithotype  3)   at  the  top  of  the  sequence.

The  Meramec  2  interval  represents  transgression

over  the  Meramec  1  interval  and  records  six  punctuated,
I

shallowing  upward  and/or  restricting  upward  minor

cycles.     Each  subinterval   (Meramec  2A-2F)   represents

transgression  over  the  underlying  subinterval  by  more
I

normal  marine  sediments   (Lithotype  4)   and  subsequent

aggradation  to  restricted,   evaporitic  sediments

(Lit.hotype  28).     These  subintervals  are  similar  to  the
I

punctuated  aggradational  cycles  of  Goodwin  and  Anderson

(fl985).     Each  successive  minor  transgression  generally

resulted  in  a  further  shift  to  more  normal  marine
I

sedimentation  of  successively  longer  duration   (as
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indicated  by  the  trends  of  grainier  fabric  and

increasing  thickness  of  accumulated  sediments)

culminating  with  the  deposition  of  the  Meramec  2E

subinterval.     Deposition  of  the  Meramec  2A  through

Meramec  2E  subintervals  records  net  transgression.     The

overlying  Meramec  2F  subinterval  records  the  reversal  of
I

thE  normal  marine  trend  and  the  onset  of  early

restriction  which  progresses  through  the  deposition  of

restricted,   argillaceous  dolomudstone   (Lithotype  5)   at
I

I

the  top  of  the  Meramec  2  interval.     The  concentrated

clay  content  of  Lithotype  5  is  responsible  for  the

gamma-ray  marker  separating  the  Meramec  2   f ron  the
I

overlying  Meramec  3   interval.
I             Core  control  in  the  lower  portion  of  the  Meramec

3  ,interval  is  sparse  and  the  transition  zone  between  the

Meramec  2   and  Meramec  3   intervals  is  commonly  brecciated

ih  Bindley  Field.     No  sharp,   transgressive  boundary

apove  Lithotype  5  was  observed;   however,   lower  Meramec  3

rocks  rapidly  grade  upward  into  more  normal  marine

character   (Lithotype  4) ,  which  indicates  a  non-erosive

transgression.     Zones  of  layered  chalcedony/quartz

nodules  are  observed  in  the  lower  portion  of  the  Meramec
I

3  interval  which  indicate  punctuated  restriction  as

observed  in  the  Meramec  2   interval.

In  summary,   each  successive  lower  Meramecian
I

interval   (at  least  through  Meramec  3  time)   records  an
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initial  transgressive  deepening  event  and  a  shift  toward
more  normal  marine  conditions   .     The  overall  sequence  of

each  lower  Meramecian  interval  is  punctuated  by  smaller

scale  transgressive/aggradational  events.     Gamma-ray
I

markers  between  the  lower  Meramecian  intervals  represent

response  to  lithologic  constituents  which  denote  the  top
of  shallowing  upward   (or  restricting  upward)   cycles

I

which  are    overlain  by  rocks  which  record  rapid  facies

shifts  due  to  subsequent  transgression.    As  such,   the

gamma-ray  markers   (or  the  log  response  to  an  equivalent
rqpid  facies  shift)  may  be  viewed  as  time-correlative.

Using  the  terminology  of  Van  Wagoner  et  al.

(1988),   the  lower  Meramecian  intervals   (i.e.   Meramec  1,

Meramec  2,   Meramec  3)   may  also  be  viewed  as  parasequence
I

s:ts  comprised  of  stacked  parasequences   (Meramec  2A,   28,

2C,   eta.).     The  top  of  each  Meramecian  subinterval   (e.g.

Meramec  2D,   2E,   eta.)   is  defined  by  a  distinctive  shift

friom  a  restricted  lithotype  to  overlying  normal  marine

lithotypes.     Contacts  are  commonly  represented  by  a

scoured  surface.     As  such,   the  top  of  each  subinterval

m]y  be  considered  a  marine  f looding  surface  and  each

sdbinterval  is  thus  viewed  as  a  parasequence.

Similarly,   the  Meramec  2   interval  is  confined  above  and

below  by  marine  flooding  events  and  consists  of  stacked
I

I

parasequences  with  recognizable  stacking  patterns,   the
entire  interval  may  be  viewed  as  a  parasequence  set.



Based  on  limited  core  data  and  the  similarity  of
I

conf ining  log  markers  to  those  of  the  Meramec  2

interval,   the  Meramec  1  and  Meramec  3  intervals  are

likely  to  be  parasequence  sets  as  well.

Diacienesis  Relating  to  Reservoir

Develooment/Preservation

93

The  post-depositional  physical  and  chemical

changes  in  the  sediments  represented  in  the  Bindley
I

Fileld  cores  include  compaction,   cementation  by  calcite,

dolomite,   and  silica,   replacement  of  evaporite  minerals

by  silica,  dolomitization,  dissolution  of  residual

calcite,   and  brecciation.    The  early  cementation

hflstory,   dolomitization,   and  dissolution  were  critical

in  the  development  and  preservation  of  porous  and

permeable  reservoir  rock,   and  these  critical  diagenetic
factors  were  the  focus  of  the  diagenetic  portion  of  this

study .

A  reconstruction  of  the  burial  history  of  lower

Mqramecian  rocks  in  Bindley  Field   (Figure  26)

illustrates  the  major  diagenetic  environments  to  which

the  sediments  and  rocks  have  been  exposed.     The  general

phases  of  burial  and  the  associated  pore  f luid  systems
serve  as  a  useful  framework  within  which  to  consider  the

observed  diagenetic  products.     Six  major  burial-related

pnases  are  discerned:   1)   initial  burial  during
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FIGURE  26-  Schematic  burial  history  of  lower  Meramecian
rocks  in  Bindley  Field.     Six  burial  phases  are
distinguished:   1)   initial  post-depositional  burial,   2)
late  Mississippian-early  Pennsylvanian  uplift,   3)
Pennsylvanian-Permian  burial,   4)   Triassic-Turassic
burial   (?)   and  late  Jurassic-early  Cretaceous   (?)
uplift,   5)   Cretaceous  burial,   and  6)   post-Cretaceous
uplift.     The  depth  of  Mississippian  burial  was  estimated
from  thickness  data  in  southwestern  Kansas  contained  in
Goebel   (1968)   and  is  a  probable  upper  limit.     The  depth
of  Pennsylvanian-Permian  burial  is  derived  f ron  the
thickness  of  Pennsylvanian  and  Permian  rocks  presently
overlying  Bindley  Field.     The  Triassic-Turassic  burial
halstory  is  uncertain  due  to  the  lack  of  preserved  rocks
of  this  age  in  the  field  area.    Triassic  rocks  are
present  only  in  extreme  southwestern  Kansas.     Turassic
rocks  are  present  only  in  northwestern  Kansas  and  reach
a  maximum  preserved  thickness  of  approximately  300  feet.
The  Jurassic-Cretaceous  boundary  in  northwestern  Kansas

considered  to  be  unconformable   (Merriam,   1963)
rmian  burial  may  be  understated  due  to  post-

Permian/pre-Cretaceous  erosion.     The  depth  of  Cretaceous
burial  is  estimated  from  thickness  data  in  northwestern
Kansas  contained  in  Merriam   (1963) .
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Mississippian  time  to  an  estimated  maximum  depth  of

apbroximately  1,ooo  feet.     Pore  water  was  of  probable

marine  origin;  however,   the  influx  of  some  fresh  water

dub  to  possible  periodic  subaerial  exposure  of  sediments

as  they  built  to  sea  level  cannot  be  ruled  out.     2)

Uplift  and  erosion  of  overlying  rocks  during  late

Mississippian  to  early  Pennsylvanian  time,   resulting  in

subaerial  exposure  of  lower  Meramecian  strata  at  the

basal  Pennsylvanian  unconformity.     As  a  result  of

subaerial  exposure,  pore  fluid  in  the  lower  Meramecian

rocks  ranged  from  fresh  to  a  mixture  of  fresh  and

malrine-derived  water   (brackish).     3)   A  second  phase  of

burial  to  a  depth  of  approximately  3,800  feet  by  the  end

ofl  the  Permian  period.     Pore  fluid  in  lower  Meramecian

rocks  was  probably  burial-modified  brackish  water.     4)   A

pdobable  period  of  burial  and  subsequent  uplift  during
the  Triassic  and  Turassic  periods.     No  rocks  of  this  age

are  preserved  over  Bindley  Field.     Pore  fluid  in  lower

Meramecian  rocks    was  probably  burial-modif led  brackish

water.     5)   Final  burial  to  an  estimated  depth  of

approximately  7,600  feet  during  the  Cretaceous  period.

Pqre  fluid  in  lower  Meramecian  rocks  was  likely  burial-

modified  brackish  water  and/or  oil(?).     6)   Post-

Cretaceous  uplift  of  lower  Meramecian  strata  to  their

present  position.     Pore  fluids  presently  consist  of  oil
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ar|d  brackish  water  (approximately  20-25  parts  per

thousand  dissolved  solids) .

Reservoir  rocks  in  Bindley  Field  are  conf ined  to

Lithotype  4   (echinoderm/bryozoan  lithotypes).     The

highest  quality  reservoir  rocks  (refer  to  Chapter  VI  for
reservoir  description)   are  confined  to  Lithotype  4C

(dolopackstone-grainstone) ,   and  poorer  quality  reservoir
I

rocks  occur  in  Lithotype  48   (dolowackestone).     No

r6servoir  occurs  in  Lithotypes  4A   (dolomudstone)   and    4D

(lime  grainstone) .

The  observed  diagenetic  changes  recorded  in
I

Lithotype  4  are:
I

1)   intraparticle  cementation  by  isopachous  calcite  in
I   bryozoan  zooecia,

2)   physical  and  chemical  compaction,

3)   interparticle  and  intraparticle  cementation  by  equant
I

and  syntaxial  calcite,
I

4)   dolomitization,   consisting  of
I        a.   initial  dolomitization   (dolomite  I) ,

b.   replacement  of  dolomite  I  by  secondary  dolomite

(dolomite  11) ,
I

a.  growth  of  third  generation  of  dolomite   (dolomite
I              Ill)   as  an  overgrowth  on  precursor  dolomites  I

I               and  11,   as  a  replacement  of  dolomite  I,   and  as  a

t              replacement  of  undissolved  skeletal  calcite,
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5),  dissolution  of  undolomitized  calcite  (skeletal  and

cement)   in  dolomitized  rocks,

6)   cementation  of  select  areas  by  zoned  ferroan  and  non-

ferroan  calcite,  and
7)   brecciation.

Alvery  minor  amount  of  chert  replacement  of  the  interior

of  pelmatozoan  and  brachiopod  fragments  was  also

observed  but  will  not  be  addressed  further  due  to  its

volumetric  insignificance.
I             The  order  in  which  diagenetic  changes  are  listed

represents  the  interpreted  general  chronological
sequence  of  diagenetic  events.     However,   clear  evidence

for  chronological  placement  of  certain  diagenetic  phases

is  lacking  as  detailed  below  in  the  discussion  of  each

diagenetic  event.

IsoDachous  IntraDarticle  Cementation
I

Bryozoan  zooecia  in  lithotype  4D  are  commonly
I

lined  by  isopachous,  non-ferroan  calcite  cement  with
I

ihdistinct  boundaries  between  crystals  and  prismatic
terminations   (Figure  27A).     This  pore-lining  cement

Iexhibits  an  extinction  pattern  which  sweeps  radially
Iaround  the  circumference  of  the  intraparticle  pore,

c'ommonly  in  conjunction  with  the  extinction  of  the

z!ooecial  wall.     The  pore-lining  cement  also  occurs  as  a
Icomplete  pore-f illing  phase  which  exhibits  the  same



I

I

I

I

FIGURE  27-  Thin-Section  Photomicrographs

A)   Thin-section  photomicrograph  of  bryozoan
zooeciun\  lined  with  isopachous  calcite  cement   (I) .
Remainder  of  zooecium  is  cemented  by  a  single  calcite
crystal   (C).     Lithotype  4D.     Scale  bar  is  loo  microns.
Oasis   #7   Deutsch   (SE/4SW/4,   34-21S-24W),   4,672'.

8)   Thin-section  photomicrograph  of  the
interior  of  bryozoan  zooecia  lined  with  isopachous
calcite  cement   (I) .     The  remainder  of  each  zooecium  is
filled  with  micritic  calcite   (M).     Lithotype  4D.
Scale  bar  is  loo  microns.     Oasis  #7  Deutsch   (SE/4
SW/4,    34-21S-24W),    4,672'.

IC)   Thin-section  photomicrograph  of  syntaxially
cemented  interparticle  pore   (P)   adjacent  to  echinoderm
bioclasts   (E)   with  sutured  contact   (S).     Euhedral
dolomitd  rhombs  simultaneously  crosscut  echinoderm
grains  and  syntaxial  cement   (D).     Euhedral  dolomite
rhombs  also  occur  at  sutured  contact  between  grains.
Lithotybe  4D.     Scale  bar  is  100  microns.     Oasis   #1
Everton   (SW/4   SE/4,    34-21S-24W),    4,672.7'.

I D)   Thin-section  photomicrograph  of  stylolite
(S)   crosscutting  interparticle  calcite  cements   (C) .
5:::::XP:s:;;sw;::I:4±::s±:4:??  Ti:;:T:.    Oasis  #7
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sweeping,  radial  extinction.    The  extinction  behavior

PoFsibly  represents  a  trait  inherited  from  precursor
fibrous  cements  which  have  been  neomorphosed.

Micritic  calcite  sometimes  coexists  with
I|sopachous,   intraparticle  cement  in  Lithotype  4D,  both

asH  geopetal  sediment   (Figure  278)   and  as  a  pore  filling

over  the  pore-lining  cement   (Figure  27C).     The  majority

of  intraparticle  micrite  is  interpreted  as  detrital  mud
I

as  evidenced  by  the  geopetal  association  of  mud  with

cement.    Micrite  pore  fillings  inside  the  perimeter  of

pore-lining  cement  are  likely  to  represent  mud
introduced  after  initial  cementation.

I

The  isopachous,   intraparticle  cement  is

ihterpreted  to  be  of  marine  origin  as  indicated  by  the

in filling  of  micritic  marine  sediment  after  initial
cementation,  and  by  the  fact  that  it  is  restricted  to
intraparticle  pores.     Cement  morphology  is  equivocal,

I

although  the  isopachous  nature  and  the  apparent  f ibrous

habit,  as  implied  by  the  extinction  behavior,   are

consistent  with  a  marine  origin   (Longman,   1980;   James

and  Choquette,   1983) .

C®mDaction

t              Early  burial  of  Lithotype  4  sediments   (Figure
26,   phase  1)   resulted  in  physical  and  chemical

I

compaction  as  expressed  by  sutured  contacts  between

pelmatozoan  grains   (Figure  27D) ,   bryozoan  fragments
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which  are  fitted  between  pelmatozoan  grains,     and  broken

or, contorted  brachiopod  fragments.     Stylolites  which

crosscut  the  interparticle  cements  represent  later
bu!rial  effects   (Figure  27E) .

IhterDarticle  and  IntraDarticle  Cementation  bv
Eauant  and  Svntaxial  Calcite

I

In  Lithotype  4D  and  in  mud-poor  portions  of

Lithotype  4C,   interparticle  voids  and  intraparticle  pore
space  not  previously  cemented  or  f illed  with  micrite

Iwere  fully  cemented  by  calcite.   Interparticle  pores  were
cemented  by  syntaxial  overgrowths  on  pelmatozoan  grains,

and  by  equant  crystals  rimming  non-pelmatozoan  grains
I

(Figure  l8D).     Intraparticle  pore  space  was  cemented  by

coarse,   equant  calcite  which  overlies  the  earlier-formed

iiopachous  cements   (Figure  27A).     Staining  with  a

solution  of  Alizarin  Red  S  and  potassium  ferricyanide

ihparts  a  mottled  pink  to  very  pale  purplish  pink  color

tp  the  equant  and  syntaxial  cements  which  indicates  a

slightly  ferroan  composition   (Dickson,1966).     No

distinct  zonation  between  ferroan  and  non-ferroan

c?1cite  was  observed.     The  rate  of  cementation  by

syntaxial  overgrowth  apparently  exceeded  the  rate  of
I

cementation  by  equant  calcite  in  interparticle  pores,   as

evidenced  by  the  volumetric  dominance  of  syntaxial

calcite  over  equant  calcite  in  individual  interparticle
i

areas  bordered  by  both  pelmatozoan  and  bryozoan  grains
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(Figure  18D).     Interparticle  cementation  postdated  early
compaction   (Figure  26,  probable  late  phase  1  or  phase  2)

as  indicated  by  cements  which  completely  f ill
I

interparticle  voids  bordered  by  pelmatozoan  grains  which

display  sutured  contacts   (Figure  27D) .

Dolomitization
(            Dolomitization  of  Lithotype  4  resulted  in  the

complete  alteration  of  non-intraparticle  detrital  muds

(dplomicrite)   and  variable  replacement  of  skeletal

grains,  calcite  cements,  and  intraparticle  micrite.    As
I

a  general  rule,  partially  dolomitized  skeletal  grains
exhibit  larger,  more  euhedral  dolomite  crystals  than
dglomitized  mud   (Figure  18C).     Non-pelmatozoan  grains,

particularly  mud-filled  bryozoa,  are  preferentially
dolomitized  in  comparison  to  pelmatozoan  grains   (Figure

1!E).     Dolomitization  of  pelmatozoan  grains   is  commonly

represented  by  mosaics    of  cloudy,   anhedral  dolomite

within  grains,   and  by  larger,   clear  euhedral  rhombs

distributed  along  grain  contacts  and  grain-cement
I

b;undaries   (Figure  28A).     Large,   euhedral  dolomite

rhombs  are  observed  within  syntaxial  calcite  cements  and

cross-cutting  pelmatozoan  grains  and  their  associated

syntaxial  overgrowths   (Figure  27D) ,   demonstrating  that

some  dolomitization  postdates  early  compaction  and
I

interparticle  cementation.    Dolomitized,   circular  to

elliptical  grains  which  are  circumscribed  by  larger,



I

FIGURE  2P-  Thin-Section  Photomicrographs

A)   Thin-section  photomicrograph  illustrating
the  modes  of  occurrence  of  dolomite  in  Lithotype  4D.
Dolomite  occurs  as  fine,   anhedral  to  subhedral  mosaics

::::::a:P::;:::E a:::::bt3:a :::n:sg::I:e:6n::::: , tG,
and  the  boundaries  between  echinoderm  bioclasts  and
their  associated  syntaxial  cement  (C).     Scale  bar  is
loo  microns.     Oasis   #1  Everton   (SW/4  SE/4,   34-21S-
24W),    4,F72.7'.

8)   Thin-section  photomicrograph  of  dolomite
fabrics  in  Lithotype  4C.    I.arge,  dark,  circular  to
elliptical  areas  of  anhedral  to  subhedral  dolomite  (E)
surrounded  by  larger,  clear,  euhedral  to  subhedral
dolomite!  (C)   are  interpreted  to  represent  dolomitized
echinoderm  bioclasts   (E)   and  partially  dolomitized
interparticle  cement   (C) ,   respectively.     Dissolution
of  undolomitized  calcite  resulted  in  open  skeletal

:::::.t¥h±:n:o:£e:sd:I:::::rTo:::::t::c:::::::=t±cLe
skeletal  grainstone.     Scale  bar  is  loo  microns.     Oasis
#4   Deutsph   (SE/4   SE/4,    33-21S-24W),   4,644.5'.

C)   Thin-section  photomicrograph  of
undolomitized,   bryozoan-dominated,   lime  grainstone
(Lithotype  4D).     Interparticle  areas  are  fully
cemented  with  calcite   (c).     The  interior  of  two
echinoderm  bioclasts  are  partially  silicified  (S) .
Scale  bar  is   100  microns.     Oasis   #7   Deutsch   (SE/4SW/4,
34-21S-214W),    4,672'.

doiomitiB:dT:::-;:::i::i§h::::i:=°:::::t:i :r::::::::¥
Large,   clear,   subhedral  to  euhedral  dolomite  crystals
(D)   dendte  the  location  of  probable,   former
interparticle  cement  and  former  grain  contacts.

::£±:::!V=dg::i::t:E;?mss:::e°:a:a::±=::ym€:::::Ted
Oasis   #1   Deutsch   (NE/4   SE/4,    33-21S-24W),   4,629.9'.
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more  euhedral,  clear  dolomite  crystals  are  interpreted
I

to  be  dolomite  pseudomorphs  of  pelmatozoan  grains  and
I

associated  syntaxial  cements   (Figure  288) .
I

Lithotypes  4C   (dolopackstone/grainstone)   and  4D

(lime  grainstone)   are  distinguished  mainly  by  the  degree
ofl  dolomitization  which  has  occurred  in  the  grain-

sulpported  sediments   (i.e.  the  arbitrary  cutoff  between

the  two  is  at  5o%  dolomite  content) .     The  minimal
I

dolomitization  of  Lithotype  4D  may  be  partially
I

explained  by  limited  invasion  of  dolomitizing  fluids

into  the  well-cemented  rock.
I             The  degree  of  interparticle  cementation  in

g±ainstones  and  mud-poor  packstones  may  be  related  to
I

skeletal  composition.     In  consideration  of  the  apparent
I

rapid  rate  of  syntaxial  cementation  of  pores  bordered  by

pelmatozoan  bioclasts,   it  seems  unlikely  that  syntaxial
cementation  would  result  in  varying  degrees  of

c6mentation  of  interparticle  pores  bordered  by
I

pelmatozoan  bioclasts.     Incompletely  cemented,
I

pelmatozoan-rich  lime  grainstones  were  not  observed;
I

therefore  it  is  probable  that  all  pelmatozoan-dominated

grainstones  were  fully  cemented.     Grain-supported  rocks
dominated  by  n6n-echinoderm  grains   (e.g.   bryozoa)   may

hive  experienced  less  cementation  due  to  the  greater
I

fraction  of  pores  bordered  by  non-pelmatozoan  grains,
I

resulting  in  the  retention  of  some  interparticle  pore
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spice  and  pemeability.    However,  skeletal  composition

of I grain-supported  rocks  does  not  appear  to  be  a

universal  determinant  of  susceptibility  to
dolomitization.     Undolomitized,   completely  cemented

I

grainstones  include  bryozoan-dominated  assemblages

(Figure  28C)   as  well  as  pelmatozoan-dominated

asFemblages .

Interparticle  cementation  does  not  preclude
I

dolomitization  of  grainstones.     Examples  of  partially  to

fully  dolomitized  grainstones  which  are  interpreted  to

halve  been  syntaxially  cemented  pelmatozoan  grainstones

arie  observed   (Figures  288,   28D).     The  interpretation  of

the  cemented  grainstone  precursor  is  based  on  1)
I

examination  of  intermediate  phases  between  undolomitized

g±ainstones  and  pervasively  dolomitized  grainstones
containing  relict  skeletal  calcite  and  cement,   and  2)

differences  in  dolomite  size,   fabric,   and  clarity

between  dolomitized  bioclasts  and  cement.     The
I

occurrence  of  cemented,   pelmatozoan  grainstones  which

have  been  pervasively  dolomitized  suggests  that  the

variable  degree  of  dolomitization  of  grainstone  fabrics

is  not  controlled  solely  by  the  degree  of  interparticle
I

cementation.      Other  contributing  factors  are  thickness
I

of  cemented  grainstones  accumulations,   proximity  to

permeable  and/or  muddy  sediments,   and  time.     The  only

constant  with  respect  to  dolomitization  is  the



ubiquitous  dolomitization  of  non-intraparticle  mud.

i±  probable  that  the  areas  of  grainstone  layers  or
lenses  which  are  proximal  to  muddier  fabrics   (i.e.  the

outer  portions)   are  likely  to  be  dolomitized  most

readily  because  of  the  greater  exposure  to  dolomitizing

faluids  there.     Due  to  the  impeded  flow  of  dolomitizing

fluids  in  cemented  or  partially  cemented  grainstones,

interior  areas  of  cemented  grainstone  accumulations

should  exhibit  the  least  dolomitization.    Therefore,  the

ihterior  of  thicker,  more  areally  extensive  cemented

grainstone  accumulations  would  be  expected  to  remain
uhdolomitized   (Lithotype  4D)   whereas  thinner

accumulations  and  the  exterior  of  thicker  accumulations

wduld  be  expected  to  be  dolomitized   (Lithotype  4C) .

This  is  in  contrast  to  the  interpretation  of  Ebanks  et
a|.   (1977)   in  which  the  only  grainstone  fabrics

recognized  in  Bindley  Field  were  the  pervasively

cemented,   undolomitized  lime  grainstones  with  no

reservoir  potential.    While  cemented,  undolomitized  lime

g+ainstones   (Lithotype  4D)   do  occur  in  Bindley  Field,
the  conclusion  that  all  cemented  grainstones  experienced

the  same  diagenetic  history  is  not  necessarily  valid.

Many  examples  of  dolomitized  grainstones  which  were

originally  cemented  by  calcite   (included  in  Lithotype

4C)   were  observed  in  this  study.
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The  interpretation  of  this  study  that
interparticle  cementation  predates  dolomitization,  and
that  dolomitization  of  grainstones  is  retarded,  rather
than  precluded,   in  cemented  grainstones  is  in  contrast

with  the  interpretation  of  rocks  of  similar  composition,

age,   and  geologic  setting  in  Iowa  and  Illinois   (Harris

and  Meyers,1987).     Harris  and  Meyers   (1987)   have

proposed  that  interparticle  cementation  postdated
dolomitization,   and  calcite  cements  overgrew  and

enclosed  pre-existing  dolomite  rhombs.     While  this

possibility  cannot  be  ignored  in  Bindley  Field  rocks,   it
is  considered  unlikely  for  the  following  reasons:

1)   If  dolomitization  preceded  interparticle  cementation,

dolomitizing  fluids  presumably  circulated  through  an

open,   interparticle  pore  system.     Therefore,   some

evidence  of  dolomitization  would  be  expected  throughout

a  small  grainstone  accumulation  of  uniform  composition.

This  is  not  the  case  in  Bindley  Field  grainstones.

Fully  cemented,   completely  undolomitized  grainstones

occur  adjacent  to  partially  or  pervasively  dolomitized

grainstones  of  similar  composition.     Non-uniform
dolomitization  seems  more  likely  in  a  well  cemented

grainstone  than  in  an  uncemented  grainstone.
2)   Single,   euhedral  dolomite  rhombs  crosscut  both

pelmatozoan  grains  and  their  associated  syntaxial
cements   (Figure  27D).     The  fact  that  a  euhedral  dolomite
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rhomb  grew  as  a  replacement  of  a  skeletal  grain  and

extended  into  the  interparticle  area  adjacent  to  the

grain  implies  that  a  solid  phase  existed  in  the
interparticle  area  at  the  time  of  dolomite  replacement.
However,   if  more  than  one  episode  of  dolomitization

occurred  in  the  rock,  this  evidence  only  indicates  that
some  dolomitization,  but  not  necessarily  all

dolomitization,  postdated  cementation.

Cathodoluminescence  petrography  of  Lithotype  4

dolomite  reveals  three  distinct  phases  of  dolomite

(Figures  29A,   30).     The  petrographic  associations

between  the  three  dolomite  phases  are  schematically

summarized  in  Figure  30.     Dolomite  I  exhibits  dull  to

moderately  bright,   orange  luminescence.     Dolomite  11

exhibits  very  dull,  pale  orange-red  luminescence.

Dolomite  Ill  is  non-luminescent.     Dolomite  I   is  commonly

observed  at  the  margins  of  euhedral  rhombs  which  are

otherwise  composed  of  Dolomite  11,   with  an  irregular

contact  between  the  two  phases.     Dolomite  I  is  also

observed  as  irregular  patches  within  such  rhombs.

Dolomite  I  is  not  considered  to  be  an  overgrowth  of

Dolomite  11  due  to  the  irregular  contact  between  the  two

phases  and  the  fact  that  Dolomite  I  also  occurs  as
irregular  blotches  within  areas  of  Dolomite  11.     As

such,   one  is  likely  to  be  a  replacement  of  the  other.

No  conclusive  evidence  was  observed  which  indicates  the



FIGURE  29-  Thin-Section  Photomicrographs

A)   Cathodoluminescence  photomicrograph  of
Lithotype  4C  dolomite  illustrating  three  phases  of
dolomite.     Dolomite  I  occurs  at  the  outer  margins  of
dolomite  rhombs  and  as  irregular  patches  within
dolomite  rhombs.     Dolomite  11  occurs  in  the  interior
of  dolomite  rhombs  and  displays  an  irregular  contact
with  Dolomite  I  in  the  same  rhombs.     Dolomite  Ill
f orms  euhedral  overgrowlhs  on  precursor  rhombs
composed  of  Dolomites  I  and  11.     Oasis   #6  Deutsch
(SW/4   SW/4,    34-21S-24W),    4,655.5'.

8)   Cathodoluminescence  photomicrograph
illustrating  the  preferential  association  of  Dolomite
11  with  areas  of  subhedral  to  euhedral  dolomite  fabric
(dolomitized  skeletal  grains).     Dolomite  with  anhedral
fabrics   (dolomitized  muds)   are  comprised  primarily  of
Dolomite  I.     Dolomite  Ill  occurs  between  precursor
rhombs  in  subhedral  to  euhedral  fabrics.     Scale  bar  is
100  microns.      Oasis   #3   Deutsch   (NW/4   SW/4,   34-21S-
24W),    4,675.6'.

C)   Cathodoluminescence  photomicrograph  of
large,   euhedral  Dolomite  Ill  rhomb  within  an  open
skeletal  mold.     Scale  bar  is  100  microns.     Oasis  #4
Deutsch   (SE/4   SE/4,    33-21S-24W),   4,644.5'.

D)   Cathodoluminescence  photomicrograph
illustrating  the  irregular  contact  (C)  between
Dolomite  Ill  and  precursor  Dolomites  I  and  11.
Dolomite  Ill  occurs  within  precursor  rhombs   (i)   where
it  is  surrounded  by  Dolomite  I.     Scale  bar  is  100
microns.      Oasis   #4   Deutsch   (SE/4   SE/4,   33-21S-24W),
4,644.5'.   .

E)   Cathodoluminescence  photomicrograph  showing
the  presence  of  inclusions   (i)   of  Dolomite  I  within
Dolomite  Ill.     Scale  bar  is  100  microns.     Oasis  #4
Deutsch   (SE/4   SE/4,    33-21S-24W),   4,644.5'.
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-1T=- F3eplacement By Dolomite 11

Overgrowth of
Precursor Dolomite

Dok)mite I

Dok)mite  11

Dok)mte Ill

Dolomite  Ill

Overgrowth and
F3eplacement of  Dolomite  I

FIGURE  30-  Schematic  illustration  of  petrographic
associations  between  dolomites  I,   11,   and  Ill.
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chronological  relationship  between  the  two;  however,   the

observed  distribution  of  the  two  phases  suggests  that
Dolomite  11  is  a  replacement  of  the  interior  portions  of

Dolomite  I.     Dolomite  I  is  prevalent  in  areas  of

anhedral  fabric  and  Dolomite  11  occurs  primarily  in

areas  with  subhedral  to  euhedral  fabrics   (Figure  298)

which  represent  porous  zones  associated  with  molds  of

partially  dolomitized  skeletal  grains.    This  implies
that  Dolomite  11  did  not  replace  Dolomite  I  until  after

the  dissolution  of  undolomitized  calcite  which  created

the  moldic  porosity  associated  with  the  occurrence  of

Dolomite  11   (refer  to  discussion  of  dissolution  below) .

The  pervasive  replacement  of  the  interior  portions  of

precursor  dolomite  rhombs  by  a  subsequent  phase  of
dolomite,   leaving  rims  of  the  precursor  dolomite  in

irregular  contact  with  the  replacing  dolomite,  has  been

described  by  Harris  and  Meyers   (1987)   and  Gander  et  al.

(1988)   in  rocks  of  Osagian  age  from  Iowa,     Missouri,   and

Illinois.
Dolomite  Ill  is  non-luminescent  and  occurs  as

euhedral  overgrowths  of  precursor  Dolomites  I  and  11

(Figures  29A  and  298) ,   as  a  replacement  of  precursor

Dolomite  I,   and  as  large,   isolated,   euhedral  rhombs

within  skeletal  molds   (Figure  29C).     Staining  indicates

that  the  dolomite  is  non-ferroan.     Dolomite  Ill

represents  the  final  phase  of  dolomitization  and  is
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interpreted  as  a  void-filling  phase  and  a  replacement  of

skeletal  calcite  and  of  precursor  Dolomite  I.    Where

Dolomite  Ill  has  overgrown  precursor  dolomite,   the

precursor  phase  may  exhibit  a  sharp,  very  irregular,
contact  with  Dolomite  Ill   (Figure  29D) .     In  such  cases,

Dolomite  I  rims  the  edge  of  the  precursor  dolomite  and

Dolomite  11  generally  comprises  the  interior.     In

addition,   Dolomite  Ill  is  observed  in  the  interior  of

precursor  rhombs  where  the  border  of  the  precursor
dolomite  with  Dolomite  Ill  is  rimmed  by  Dolomite  I

(Figure  29D) .     Dolomite  11  may  also  occur  in  contact

with  Dolomite  Ill  and,   in  many  such  cases,   Dolomite  Ill

then  contains  inclusions  of  Dolomite  I   (Figure  29E) .

These  varied  observations  imply  that  Dolomite  Ill

simultaneously  overgrew  precursor  rhombs  and  replaced

relict  Dolomite  I  in  the  same  precursor  rhombs.     As

such,   the  occurrence  of  Dolomite  I  bordering  the

irregular  edges  represents  relict  edges  of  Dolomite  I

which  were  not  replaced  by  Dolomite  11.     The  occurrence

of  patches  of  Dolomite  Ill  which  are  bordered  by  relict

Dolomite  I  within  the  interior  of  Dolomite  I/11  rhombs

(Figure  29D)   also  attests  to  the  preferential
replacement  of  Dolomite  I  by  Dolomite  Ill.     In  other

cases,   Dolomite  Ill  has  overgrown  euhedral  rhombs  of

precursor  Dolomites  I  and  11  with  no  evidence  of

replacement  of  the  precursor  Dolomite  I.     The
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relationships  between  Dolomite  Ill  and  precursor

dolomites  I  and  11  are  similar  to  those  described  by

Gander  et  al.    (1988)   and  Harris  and  Meyers   (1987)   in

Osagian  rocks  from  Iowa,  Missouri,   and  Illinois.

Dolomite  Ill  is  preferentially  distributed  in
skeletal  molds  as  large,   euhedral  rhombs  and  as

overgrowths  and  replacements  of  precursor  dolomites

surrounding  moldic  areas.     This  association  implies  that

Dolomite  Ill  was  a  void-filling  phase.     However,   some

Dolomite  Ill  replaced  skeletal  calcite   (Figure  29F).     It

thus  probable  that  Dolomite  Ill  represents  both  void-

filling  and  replacement  of  undissolved  skeletal  calcite

to  the  extent  that  Dolomite  Ill  simultaneously  grew  in

dissolution  voids  and  replaced  skeletal  calcite  which

had  not  been  dissolved.

Because  Dolomites  I  and  11  exhibit  a  replacive

association,  the  later  of  the  two  phases  does  not  alter

the  volume  of  sediment  which  was  initially  dolomitized

by  the  earlier  phase.     Dolomite  in  mud-supported  non-

reservoir  rocks  consists  primarily  of  Dolomite  I  and

Dolomite  11.     Dolomite  in  grain-supported  rocks  consists

of  Dolomites  I,   11,   and  Ill.     Due  to  the  possible  void-

filling  nature  of  Dolomite  Ill,   its  emplacement  may  have

led  to  some  degree  of  porosity  reduction,  but  did  not

significantly  occlude  porosity  in  the  samples  studie.d.



116

The  timing  of  dolomitization  relative  to  burial
history  is  not  well  constrained.     Dolomite  I,   as  the
initial  replacive  dolomite  phase,  likely  occurred  during
late  initial  burial  or  during  late  Mississippian-early
Pennsylvanian  uplift   (Figure  26,  phases  1  and  2,

respectively).     The  timing  of  Dolomite  11  is  uncertain

other  than  its  chronological  position  between  Dolomites

I  and  Ill.     Due  to  the  void-filling  nature  of  Dolomite

Ill,   its  occurrence  post-dated  dissolution  of
undolomitized  calcite.     It  is  probable  that  Dolomite  Ill

occurred  subsequent  to  late  Mississippian-early

Pennsylvanian  subaerial  exposure   (Figure  26,   end  of

phase  2) .

Dissolution  of  Undolomitized  Calcite

In  rocks  which  were  substantially  dolomitized

(i.e.   Lithotypes  4A-4C) ,   undolomitized  calcite   (both

skeletal  and  cement)   was  leached  at  some  point  in  their

diagenetic  history.    Little  or  no  dissolution  took  place
in  undolomitized  rocks   (i.e.   Lithotype  4D),   and  the

degree  of  dissolution  is  related  to  the  degree  of

dolomitization   (Figures   31A,   318,   31C).     Dissolution  of

skeletal  calcite  resulted  in  the  formation  of  open  molds

and,   in  the  case  of  partially  dolomitized  skeletal

grains,   dolomitic  pseudomorphs  of  grains   (Figure  31D) .

Dissolution  of  interparticle  cement  resulted  in  void.s

which  define  the  edges  of  dolomitized  grains.



FIGURE  31-  Thin-Section  Photomicrographs

A)   Thin-section  photomicrograph  of  Lithotype
4D  which  has  experienced  minimal  dolomitization   (D)
and  no  dissolution.   The  rock  is  composed  of  echinoderm
(E)   and  bryozoan   (8)   bioclasts  and  interparticle,
syntaxial  calcite   (C).     Dolomite  is  principally
associated  with  bryozoan  bioclasts.     Scale  bar  is  loo
microns.      Oasis   #7   Deutsch   (SE/4SW/4,   34-21S-24W) ,
4 , 650 .1 '  .

8)   Thin-section  photomicrograph  of  partially
dolomitized  Lithotype  4D  and  porosity   (blue)
associated  with  dolomitized  areas.  Scale  bar  is  loo
microns.      Oasis   #7   Deutsch   (SE/4SW/4,   34-21S-24W) ,
4 , 650 .1 '  .

C)   Thin-section  photomicrograph  of  pervasively
dolomitized  Lithotype  4C  containing  undissolved
skeletal  calcite   (E).     Dolomite  contains  abundant
inclusions  of  calcite.    A  pseudomorph  of  a  partially
dolomitized  and  dissolved  echinoderm  grain  is  situated
at  the  center  of  the  upper  portion  of  the  photo.
Porosity   (P)   is  abundant  in  intraparticle   (moldic)   and
interparticle  areas.     Scale  bar  is  loo  microns.     Oasis
#1   Deutsch   (NE/4   SE/4,    33-21S-24W),   4,629.9'.

D)   Thin-section  photomicrograph  of  pervasively
dolomitized,   probable  former  grainstone  in  which  all
undolomitized  calcite  has  been  dissolved.     Dolomitized
pseudomorphs  of  skeletal  grains   (G) ,   probable
partially  dolomitized  interparticle  cements   (C) ,   and
open  skeletal  molds   (M)   are  evident.     Scale  bar  is  100
microns.      Oasis   #6   Deutsch   (SW/4   SW/4,   34-21S-24W),
4 , 655 . 5 ' .

E)   Thin-section  photomicrograph  of  purple  to
pink-stained,   zoned  ferroan  and  non-ferroan  calcite
(Z) .     Fully  cemented  voids  are  outlined  by  a  film  of
residual  oil   (0).     Scale  bar  is  100  microns.     Oasis  #1
Smith   (SW/4   NW/4,    34-21S-24W),    4,659.1'.

I

I
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The  timing  of  dissolution  is  uncertain,   although

a  relation  to  meteoric  water  influx  associated  with  the

pre-Pennsylvanian  unconformity   (Figure  26,   late  phase  2)
is  a  reasonable  hypothesis.     The  assumption  is  made  that

all  dissolution  is  related  to  the  same  mechanism,

although  the  possibility  of  dissolution  of  some  portion

of  the  calcitic  host  in  association  with  early
dolomitization  cannot  be  dismissed.     Where  Dolomite  Ill

grew  in  voids,   dissolution  predated  Dolomite  Ill  as
evidenced  by  the  occurrence  of  single,   euhedral  Dolomite

Ill  rhombs  within  skeletal  molds   (Figure  29C).     The

relationship  between  the  timing  of  dissolution  and  the

formation  of  Dolomites  I  and  11  is  less  clear.     It  was

suggested  above  that  Dolomite  11  replaced  the  interior

of  Dolomite  I  after  dissolution  based  on  the  association

of  Dolomite  11  with  subhedral/euhedral  dolomite  fabrics

indicative  of  porosity  and  permeability  created  by

dissolution  of  skeletal  calcite.    If  this  interpretation
is  correct,  then  some  dissolution  preceded  the

replacement  of  Dolomite  I  by  Dolomite  11.

Brecciation

Brecciation  in  Bindley  Field  is  related  to

meteoric  water  imf lux  during  the  time  of  the  basal

Pennsylvanian  unconformity   (Figure  26,   late  phase  2) .

Brecciation  was  not  observed  to  have  significantly

af fected  reservoir  development  or  preservation  in  the
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Meramec  2  interval  in  Bindley  Field  cores,  but  its

ef fects  may  be  anticipated  under  the  proper

circumstances.    Infiltration/eluviation  of  clays  into
solution-widened  fractures  which  penetrate  the  Meramec  2

reservoir  subintervals  would  be  expected  to  plug  pores

adjacent  to  the  fractures  and  probably  disrupt
horizontal  continuity  in  preexisting  reservoir.
Erosional  truncation  of  the  upper  portion  of  the  Meramec

2  interval,  which  presumably  evolved  through  a

brecciation  stage,   is  evident  in  the  northwestern

portion  of  the  field   (Figures  9  and  10).     Although  no
cores  are  available  from  this  part  of  the  field,   and  it

is  uncertain  whether  the  truncated  intervals  actually
contained  any  reservoir,  brecciation  may  be  regarded  as

having  led  to  reservoir  destruction  in  the  sense  that
those  subintervals  which  contain  reservoir  elsewhere  in

the  field  were  truncated.

Late  Cementation  bv  Zoned  Ferroan  and

Non-Ferroan  Calcite

In  localized  areas,   zoned  ferroan  and  non-

ferroan  calcite  cement  f ills  larger  pores  that  resulted
from  dissolution  of  undolomitized  calcite   (Figure  31E) .

Cementation  of  individual  pores  is  complete  but

cementation  of  the  rock  is  incomplete  in  that  the

majority  of  smaller  pores  contain  no  cement.     The

occurrence  of  zoned  calcite  cements  is  limited  to  areas
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below  the  zone  of  oil  saturation  which  are  typically
within  the  Meramec  2A  and  28  subintervals.     A  residual

film  of  oil  is  observed  lining  fully  cemented  pores

(Figure  31E)   but  is  absent  bordering  undissolved
skeletal  calcite.    The  confinement  of  zoned  calcite

cements  to  areas  below  oil  saturated  horizons  and  the

presence  of  residual  oil  which  outlines  fully  cemented

pores  indicates  that  this  zoned  cement  was  emplaced
within  pores  which  contained  residual  oil  at  the  time  of

cementation  and  therefore  postdated  oil  migration.    When

oil  migration  occurred  relative  to  burial  history

(Figure  26)   is  unknown;  however,   it  is  likely  that  it
occurred  between  Pennsylvanian  burial  and  post-

Cretaceous  uplift.

Surmarv

The  critical  diagenetic  events  leading  to  the
creation  of  porous  reservoir  rock  are  1)   pervasive,  but

incomplete,   dolomitization  of  grain-supported

depositional  fabrics,   and  2)   dissolution  of

undolomitized  calcite   (skeletal  and  cement) ,  whether  in

association  with  or  postdating  early  dolomitization.

Dolomite  Ill,   a  late  addition,   occluded  some  porosity

but  is  not  observed  to  be  volumetrically  signif icant  in

the  Meramec  2  interval.  However,   it  is  conceivable  that

the  precipitation  of  small  volumes  of  Dolomite  Ill

caused  significant  reductions  in  pore-throat  sizes.
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Late  cementation  by  zoned  ferroan  and  non-ferroan

calcite  reduced  porosity  but  occurred  subsequent  to  oil
migration  and  therefore  did  not  affect  reservoir  quality
within  the  oil-saturated  portions  of  the  reservoir.
Other  diagenetic  features  (isopachous  intraparticle
cement,   compaction,   and  brecciation)   had  no  discernable

effect  on  reservoir  development  and/or  preservation.



CHAPTER  VI

RESERVOIR   DESCRIPTION

The  petrophysical  characterization  of  reservoir

quality  and  its  distribution  are  critical  to
understanding  the  factors  leading  to  creation  of

reservoir,  the  causes  of  its  distribution,  and  reservoir

production  performance.     The  relationship  between

porosity  and  permeability,  the  permeability  distribution
in  the  field,  the  relationship  of  reservoir  quality  to
lithotypes   (depositional  and  diagenetic  factors) ,   and

capillary  pressure  characteristics  of  reservoir  samples
were  examined.     A  model  for  the  formation  of  reservoir

quality  rock  and  its  distribution  is  then  presented,
followed  by  comparison  of  the  model  to  actual  well

production  histories.

PetroDhvsical  Characteristics

Porositv  and  Permeabilitv

Ebanks   (1987)   noted  the  wide  range  of

permeability  corresponding  to  a  narrow  range  of  porosity
within  the  "bryozoan  dolomite  facies"   (reservoir  facies)

of  Ebanks  et  al.   (1977).     This  facies  exhibits

permeability  values  ranging  from  less  than  0.5
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millidarcys  to  over  100  millidarcys   (Figure  14  of

Ebanks,1987).    It  is  evident  that  the  reservoir

properties  of  this  facies  are  quite  variable  and  that
all  rocks  included  in  the  "bryozoan  dolomite  facies"  are

not  of  equal  reservoir  quality.    The  "bryozoan  dolomite

facies"  of  Ebanks  et  al.   (1977)   is  equivalent  to

Lithotypes  4A-C  of  this  study.

The  factors  which  define  reservoir  quality  in
Bindley  Field  are  of  importance.     In  a  fundamental

sense,   reservoir  rock  must  possess  the  dual  attributes

of  fluid  storage  capacity  (porosity)   and  capability  to

transmit  fluid   (permeability) .     Rock  with  only  one  of

the  two  properties,  or  a  low  magnitude  of  either,

generally  will  not  function  as  reservoir  rock  within  the
context  of  economic  production  of  oil  or  gas.

Relatively  high  average  porosity   (i.e.   10  to  25%)   is

present  in  the  bulk  of  the  rocks  sampled  by  cores  in
Bindley  Field   (Lithotypes  1,   2A,   28,   3,   4  A-C),   yet

permeability  is  distributed  in  discrete  intervals
(Figure  32).     The  non-linear  relationship  between

porosity  and  permeability  is  evident  in  a  crossplot
representing  all  lithotypes  cored  in  a  single  well  from

the  center  of  the  field   (Figure  33) .     Because  most  of

the  rock  in  Bindley  Field  contains  relatively  high

porosity   (except  Lithotype  4D) ,  permeability  is  the
determining  factor  in  reservoir  quality.    Reservoir
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FIGURE  32-  Correlation  of  porosity  and  permeability  in  a
representative  Bindley  Field  well   (same  well  as
illustrated  in  Figure  20).     Permeability  values
indicated  by  a  dashed  line  indicate  the  maximum,
directional,  horizontal  permeability  of  the  sample
£¥g8K,£ep:::eE:rE:=E±::

ty  values  indicateq  by  .sglid
tal  permeability  at  right  angles

::ot3:|:::e:::::ro:ig::::::nE:yTe::::i::i|:92!.ge::r:::y
indicated.     In  a  sample  with  homogeneous  matrix
permeability,   the  two  values  will  be  in  close  agreement.
Most  of  the  Meramec  1  and  Meramec  2   intervals  contain
porosity  exceeding  10%.     Permeability  is  not  correlated
to  porosity  as  exemplified  by  the  Meramec  1  interval
where  porosity  approaches  20%  but  permeability  is
generally  less  than  5  millidarcys.    Note  that
permeability  is  distributed  in  discrete  intervals
separated  by  thin  zones  of  very  low  matrix  permeability.
In  the  Meramec  2   interval,   these  low  permeability  zones
correlate  to  the  Lithotype  28  caps  on  top  of  each
subinterval.     Refer  to  Appendix  A  for  key  to  structures.
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. quality  in  Bindley  Field  cannot  be  calculated  directly
from  logs  due  to  the  fact  that  permeability  does  not
exhibit  a  linear  relationship  to  porosity,  and  because

permeability  is  not  directly  measurable  from  wireline
logs.    Gamma-ray/neutron  porosity/  resistivity  (single

depth  of  investigation)   logs  were  typically  run  in
Bindley  Field  wells,   and  these  log  suites  do  not  allow

qualitative  estimation  of  permeability  as  may  be  done
with  other  suites  such  as  invasion  prof iles  in  dual

induction  logs.

Relationship  of  Dermeabilitv  to  lithotvDe.     Core

permeability  is  strongly  dependent  on  lithotype  in
Bindley  Field.     Using  the  Oasis  #1  Deutsch   (NE/4  SE/4,

33-T21S-R24W)   as  an  example   (Figure  32) ,   Lithotypes   1,

2A,   28,   3,   4A,   48,   and  6  typically  exhibit  maximum  core

permeability  to  air  of  less  than  10  millidarcys   (Figure
34).     Lithotypes  4D  and  5  are  not  present  in  this  well

but  exhibit  very  low  permeability  in  adjacent  wells

(Appendix  8).     Only  one  lithotype,   Lithotype  4C,

exhibits  permeability  that  consistently  exceeds  10

millidarcys  and  reaches  a  maximum  of  159  millidarcys

(higher  in  other  wells).    This  correlation  of  high

permeability  to  Lithotype  4C  is  consistent  throughout
the  field.

Variability  in  permeability  within  Lithotype  4C

is  partially  explained  by  the  gradational  nature  of
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0.1                      1.0                     10.0                  loo.0               1000.0

PERMEABILITY    (md)

FIGURE  33-  Crossplot  of  porosity  and  permeability  in  a
representative  Bindley  Field  well   (same  well  as
illustrated  in  Figure  32)   derived  from  whole-core
analysis.    All  lithotypes  described  in  Bindley  Field  are
represented  except  Lithotypes  4D  and  5.     Without
segregating  lithotypes,  no  relationship  between  porosity
and  permeability  is  evident.     For  this  reason,  porosity
expressed  on  open-hole  logs  does  not  necessarily  relate
to  permeability  and  reservoir  quality.

1             3                    2A          28                  48                  4C

LITHOTYPE

II!g3Ey3:-f!::t5:!:ti:Iugfr::#e!Eiii:¥r!k3 8 I  s3I:?d by
permeability  is  confined  to  Lithotype  4C.
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sedimentary  fabrics.    The  fact  that  rocks  with  mud-

supported  fabrics   (i.e.,   Lithotypes  1,   2A,   28,   3,   4A,

48,   5)  have  the  lowest  perm`eability,   and  certain  rocks

with  grain-supported  fabrics   (i.e.,   Lithotype  4C)   have

the  highest  permeability  indicates  that  permeability  is

partially  related  to  dolomitized  mud  content.    The  range
of  fabrics  in  Lithotype  4C  includes  pure  grain-supported

intervals  as  well  as  grain-supported  intervals  with
substantial  mud-supported  interlayers,  thus  some

variability  in  permeability  is  to  be  expected.    In
addition  to  mud  content,  variability  in  permeability

within  Lithotype  4C  is  also  related  to  diagenetic

factors  as  discussed  below.

Due  to  the  correlation  of  permeability  to

lithotype,  the  distribution  of  permeability  throughout
the  field  should  mimic  the  distribution  of  Lithotype  4C.

Because  Lithotype  4C  comprises  the  majority  of  all

grain-supported  rocks,  the  overall  distribution  of

permeability  in  the  Meramec  2  interval   (Figure  35)

para.llels  the  distribution  of  grain-supported  subtypes
(Figure  24A) .     The  areas  of  thickest  grain-supported
lithotypes  correspond  to  areas  of  greatest  permeability
development.



FIGURE  35-  Distribution  of  Meramec  2  permeability  equal
to  or  exceeding  10  millidarcys.     Values  are  expressed  in
millidarcy-feet,  calculated  by  multiplying  the  thickness
(in  feet)   of  permeable  intervals  by  the  average
permeability   (in  millidarcys)   of  the  intervals.
Permeability  development  is  coincident  with  the  central
axis  of  the  field,   and  correlates  to  the  areas  of
thickest  grain-supported  lithotypes   (Figure  23A)   and  to
areas  of  positive  structural  relief   (Figure  llA).     The
field  area  is  indicated  by  the  stipled  background.
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Princioles  of  mercurv  oorosimetrv.    Reservoir  quality  is

further  characterized  by mercury  intrusion/extrusion
capillary  pressure  analysis,  also  known  as  mercury

porosimetry.     Principles  of  mercury  porosimetry  are
described  by  Purcell   (1949) ,   Berg   (1975) ,   Wardlaw  and

Taylor   (1976),   Tennings   (1987),   and  Wardlaw  et  al.

(1988).     Wardlaw   (1976)   and  Amthor  et  al.    (1988)   provide

examples  of  the  application  of  capillary  pressure

analysis  to  carbonate  rocks.  The  following  discussion  of

basic  principles  is  derived  largely  from  these  sources.

In  mercury  intrusion/extrusion  analysis,

porosity  and  permeability  of  each  sample  is  first
determined.     Then,  mercury  is  injected  into  an  evacuated

rock  sample  at  increments  of  increasing  pressure

(referred  to  as  "drainage"  or  "injection").     At  each

pressure  increment,  the  volume  of  mercury  injected,
expressed  as  a  percentage  of  total  rock  pore  volume,   is

recorded.     Once  the  maximum  pressure  and  mercury

saturation  are  reached,  pressure  is  incrementally

decreased  while  recording  the  volume  of  mercury  extruded

after  each  increment  of  pressure  reduction  (referred  to

as  "imbibition"  or  "withdrawal").     The  injection  process

is  designed  to  simulate  the  displacement  of  the  wetting

phase  in  a  porous  rock   (commonly  assumed  to  be  water)   by

a  non-wetting  phase   (e.g.   oil).     Conversely,   the
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withdrawal  process  simulates  the  displacement  of  the

non-wetting  phase   (e.g.   oil)   due  to  pressure  reduction.

In  standard  mercury  intrusion  analysis,  air  is
considered  the  wetting  phase  and  mercury  is  considered

to  be  the  non-wetting  phase.

Fluid  movement  between  pores  in  a  rock  is

controlled  by  the    constrictions  between  pores  referred
to  as  pore  throats  (or  pore  apertures) ,  which  are,  by

definition,  of  smaller  areal  dimension  than  the  cross-

sectional  area  of  the  associated  pores   (Wardlaw,   1976) .

A  single  pore  may  be  connected  to  other  pores  by  more

than  one  pore  throat.    The  ability  of  a  rock  to  transmit

fluid  between  pores  is  largely  dependent  on  the  size  of

pore  throats   (pore  aperture  radius) ,  the  shape  of  pore
throats,   and  the  number  of  throats  accessing  each  pore.

During  mercury  injection,  as  pressure  is  increased,

pores  accessed  by  successively  smaller  throats  are
intruded.     During  withdrawal,   the  amount  of  non-wetting

fluid  in  a  pore  which  can  be  expelled  during  pressure

reduction  is  partially  dependent  on  the  ratio  of  pore-
throat  size  to  pore  volume.     The  ratio  of  the  volume  of

mercury  extruded  during  pressure  reduction  to  the  volume

injected  is  referred  to  as  the  withdrawal  efficiency  (or

recovery  ef f iciency) .

The  increment  of  rock  pore  volume  intruded  by

mercury  at  each  pressure  increment  is  a  measure  of  the
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volume  of  pores  which  are  controlled  by  pore  throats  of

a  certain  size.    Access  to  pore  space  intruded  at  higher

pressure  is  controlled  by  smaller  pore  throats  than  pore
space  intruded  at  lower  pressure.    Pore-throat  size  may

be  estimated  from  injection  pressure.    Pore-throat
shapes  in  dolostones  are  likely  to  be  dif ferent  from

those  in  other  rock  types  and  are  typically  clef ined  by

the  planar  surfaces  of  dolomite  crystals.    The

appropriate  equation  for  the  estimation  of  pore-throat

dimensions  from  capillary  pressures  in  dolostones  is

given  in  Wardlaw   (1976)   and  Amthor  et  al.    (1988).      By

plotting  the  cumulative  pore  volume  intruded   (mercury
saturation)  versus  pressure,  a  general  characterization
of  the  pore  and  pore-throat  network  is  achieved.

Intrusion  of  mercury  at  relatively  low  pressure

indicates  large  pore  throats.    Intrusion  of  a  large

portion  of  the  pore  volume  of  a  rock  over  a  narrow  range
of  pressure  indicates  a  well  sorted  pore-throat

distribution  (displayed  as  a  flattened  horizontal

portion  of  the  pore  volume  vs.  mercury  saturation

graph) .    A  histogram  of  the  fraction  of  total  pore
volume  governed  by  each  pore-throat  size  increment

(calculated  from  injection  pressure)   graphically
displays  the  distribution  of  pore-throat  sizes  and  the
fraction  of  total  pore  volume  controlled  by  each  pore-

throat  size  increment.



133

Bindlev  Field  analvsis.     Twelve  core  plugs  were  analyzed

from  Bindley  Field,  eight  with  injection  only,   and  four

with  injection  and  withdrawal.    The  plugs  were  selected

to  represent  the  major  lithotypes  associated  with
reservoir  intervals.    Data  for  all  samples  are  compiled
in  Appendix  C.     Pore-throat  sizes  were  estimated  from

injection  pressure  according  to  the  equation  given  in
Appendix  C.

Pore-throat  sizes  in  Bindley  Field  samples

repeatedly  cluster  into  one  or  more  of  four  groups.   The

pressure  range  and  calculated  pore-throat  size  range  for
each  group  are  as  follow:

Pressure  Range
(psi)

Pore-throat  Rancie
(microns)

Group  A

Group  8

Group  C

Group  D

1000   -   2000

loo   -   1000

27   -   loo

0-27

0.11   -0.05

1.1   -0.11

3.9   -1.1

35   -3.9

Pore  space  not  saturated  at  the  maximum  pressure  of

2,000  psi  is  governed  by  pore  throats  with  calculated

radii  of  less  than  0.05  microns.     Each  sample  analyzed

exhibits  a  characteristic  signature  ranging  f ron  a
unimodal  distribution  which  is  conf ined  to  Group  A

(smallest  pore  throats) ,  to  polymodal  distributions
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dominated  by  one  or  more  pore-throat  size  groups.

Figures  36-42  illustrate  the  range  of  capillary  pressure
response  in  seven  selected  samples.

Permeability  is  positively  correlated  to  the
median  size  of  all  pore  throats  injected  (i.e.  adjusted

for  pore  throats  not  injected) .    A  plot  of  permeability
vs.  the  injection  pressure  at  the  point  of  saturation  of
50%  of  the  invaded  pore  volume   (second  quartile

pressure;  Tennings,   1987)   demonstrates  a  linear  log-log
relation  (Figure  43).     Permeability  is  also  related  to

the  dominant  pore-throat  size  group   (i.e.   Groups  A-D)

represented  in  the  pore-throat  size  distribution  (Figure
44).     Samples  with  pore-throat  distributions  confined  to

Group  A   (smallest  pore  throats)   display  permeability  on

the  order  of  0.01  millidarcy   (Figures  36,   37).     Samples

with  pore-throat  distributions  which  include,  but  do  not

exceed,   those  of  Group  8  or  Group  C  exhibit  permeability

on  the  order  of  0.1    and  1  to  5  millidarcys,

respectively   (Figures  38,   39,   42).     Samples  with  pore-

throat  distributions  dominated  by  Group  D  (largest  pore

throats)   have  measured  permeabilities  of  4  to  461

millidarcys   (Figures  40,   41).     Higher  permeability

samples  exhibit  a  larger  percentage  of  total  pore  volume

controlled  by  the  larger  throats   (Figure  45).     It  is

clear  that  the  highest  quality  reservoir,   as  measured  by

permeability,   corresponds  to  samples  with  a  high
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FIGURE  36-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  28  (spiculitic
dolomudstone).     The  dolomudstone  sample  is
characterized  by  very  low  permeability,  moderate
porosity,  very  high  entry  pressure,  high  uninvaded
pore  volume,   and  Group  A  pore  throats.     Thin  section
is  impregnated  with  blue  epoxy  and  stained  with
Alizarin  Red  S  and  potassium  ferricyanide.     Note  the
unimpregnated  spicule  molds   (M).     Disseminated  black
specks  are  pyrite.     Scale  bar  is  250  microns.
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FIGURE  37-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  48   (echinoderm/bryozoan
dolowackestone)   containing  partially  dolomitized  and
dissolved  skeletal  grains   (M).     The  dolowackestone
sample  is  characterized  by  very  low  permeability,
relatively  low  porosity,  high  entry  pressure,  high
uninvaded  pore  volume,   and  Group  A  pore  throats.     A
small  volume  of  pore  space  is  accessed  by  Group  8  pore
throats.     The  Group  8  pore  system  is  considered  to
represent  skeletal-moldic  pores  which  are  in
communication  with  the  exterior  surface  of  the  sample.
To  the  extent  that  some  portion  of  the  skeletal  molds
are  in  communication,  this  small  portion  of  pore
volume  is  intruded  first.     The  remaining  pore  volume
is  mud-controlled.     Thin  section  is  impregnated  with
blue  epoxy  and  stained  with  Alizarin  Red  S  and
potassium  ferricyanide.     Note  that  some  skeletal  molds
are  impregnated  and  some  are  not.     Black  circles  in
unimpregnated  molds  are  air  bubbles.     Black  cubic
minerals  to  left  of  photo  are  pyrite.    Scale  bar  is
250  microns.



Injection  Pressure  vs  Mercury Sat,uration
UNIVERSITt  of.  COLORADO  AT  cOUIJ}EFt      S^WPIE  ID:                                                8
Orsls  NO.  3  DEUTscH  VEIL                             s^NPLE  OEFJTti.  fcct:           us47.5
BINl)LEY   FIELD                                                                      PERWEABllJTY  TO  AIR .  rnd:  0.0' I
HODCELAAN   COUNTY,   KANSAS                                POROSITY,  percent:                          8. 0

"'00IcecO'cOco'cO70

'J   a.075

ii   ,ae    coi'cOsOaecoeooJO
iLoa.,coi-i|oa.'so!,.00.ZOO

eeae 3.a   Ore7JaJ7S

2cO       I a00 10      aJ500rstfflcO2.00

00      co       P       70       cO        so       cg       cO        20

Llmrty SA- p~ in -

PORE  PRINT

Pare  Space  Controlled  by Pore  Apertures
uNi\mslTy  oF  coioR^DO  ^T  BOuu)EFi     s^wpLf  iD:                                        8
OASIS  NO.  J  DEUTScll  \^/aL                             DEF]TH.  fe.t:                             "47.5
E]INDLEy  FlaJ)                                                                AIR   PERuE^BIiJTV,   md:           o.oi i
HODCEWAN  Collr`nT.  I(^NS^S                            POROsm,  p.rc.nt;                      8.0

ae'®I,'7'®'SI,£'3i,Ii:;i;9,I2Ia
8--

„. e

Pndun Raqu
! a 8o  -p'g .  I  =  =  a  % a  5!  g 8  £ ? ?

3;::i:i;:;i:!3:S!i!:!!!!aPer, ^ehr, "1 fog -



I

I

1

FIGURE  38-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  4C  cemented  by  late,
ferroan  calcite   (purple  in  photomicrograph).     This
sample  is  characterized  by  very  low  permeability,
moderate  porosity   (blue  in  photomicrograph) ,
relatively  high  entry  pressure,  moderate  uninvaded
pore  volume,   and  Group  8  pore  throats.     The  calcite
cement  occludes  larger  pore  throats  and  available
porosity  is  accessed  by  small,   interboundary  sheet
throats.    Undissolved  skeletal  calcite  is  stained
pink.     Thin  section  is  impregnated  with  blue  epoxy  and
stained  with  Alizarin  Red  S  and  potassium
ferricyanide.     Scale  bar  is  250  microns.
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FIGURE  39-  Mercury  intrusion  charts  and
photomicrograph  of  partially  dolomitized  Lithotype  4D.
This  sample  is  characterized  by  low  permeability,
moderate  porosity   (blue  in  photomicrograph) ,   low  entry
pressure,   relatively  low  uninvaded  pore  volume,   and
Group  C  and  8  pore  throats.     Pore  space  is  contained
largely  within  dolomitized  areas  between  echinoderm
grains   (E).     Partially  dolomitized  areas  have
undergone  dissolution  leaving  an  intercrystalline
dolomite  pore  system  controlled  by  interboundary  sheet
throats  and  small  tetrahedral  throats.    Thin  section
is  impregnated  with  blue  epoxy  and  stained  with
Alizarin  Red  S  and  potassium  ferricyanide.     Scale  bar
is  250  microns.
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FIGURE  40-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  4C.     This  sample  is
characterized  by  high  porosity  (blue  in
photomicrograph) ,  very  high  permeability,  very  low
entry  pressure,  very  low  uninvaded  pore  volume,   and
large  Group  D  pore  throats.     The  pore  system  consists
of  molds  and  partial  molds  of  skeletal  grains   (S)   and
former  cement  which  are  interconnected  by  large,   open
throats  and  large,  polyhedral  dolomite  throats.    Thin
section  is  impregnated  with  blue  epoxy  and  stained
with  Alizarin  Red  S  and  potassium  ferricyanide.     Scale
bar  is  250  microns.
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FIGURE  41-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  4C.     This  sample  is
characterized  by  high  porosity  (blue  in
photomicrograph) ,  moderate  permeability,   low  entry
pressure,   low  uninvaded  pore  volume,   and  Group  C  and
smaller  Group  D  pore  throats.     The  pore  system
consists  of  molds  and  partial  molds  of  skeletal  grains
(S)   and  probable  former  cement  which  is  interconnected
by  tetrahedral  and  small  polyhedral  pore  throats.    A
greater  degree  of  dolomitization  than  that  of  the
sample  illustrated  in  Figure  40  resulted  in  the
smaller  pore-throat  geometries  accessing  the  abundant
moldic  pores.     Thin  section  is  impregnated  with  blue
epoxy  and  stained  with  Alizarin  Red  S  and  potassium
ferricyanide.     Dark  circular  areas  are  air  bubbles  in
thin  section.     Scale  bar  is  250  microns.
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FIGURE  42-  Mercury  intrusion  charts  and
photomicrograph  of  Lithotype  4C.     This  sample  is
characterized  by  moderately  high  porosity   (blue  in
photomicrograph) ,   low  permeability,  moderate  entry
pressure,   moderate  uninvaded  pore  volume,   and  Group  C
and  8  pore  throats.     The  pore  system  consists  of
small,  partial  molds  of  skeletal  grains  and  voids
outlining  fully  dolomitized  grains  which  are
interconnected  by  dolomite  networks  with  small
tetrahedral  and  interboundary  sheet  throats.    This
rock  was  a  probable  grainstone  which  was  extensively
dolomitized.     Dolomite  fabrics  separating  moldic  pores
are  anhedral  to  subhedral.    Thin  section  is
impregnated  with  blue  epoxy  and  stained  with  Alizarin
Red  S  and  potassium  ferricyanide.     Dark  circular  areas
are  air  bubbles  in  thin  section.     Scale  bar  is  250
microns .
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FIGURE  43-  Crossplot  of  permeability  versus  second
quartile  pressure  of  all  mercury  intrusion  samples.
Second  quartile  pressure  is  the  injection  pressure  at
the  point  of  50%  saturation  of  invaded  pore  volume
(adjusted  for  uninvaded  pore  volume) .     For  most  samples,
permeability  is  linearly  correlated  to  second  quartile
pressure.
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PORE-THROAT   SIZE   GROUP

FIGURE  44-  Permeability  of  mercury  intrusion  samples
sorted  by  the  dominant  pore-throat  size  group.     Group  A
represents  the  smallest  pore  throats  and  Group  D
represents  the  largest.    As  demonstrated  in  Figure  43,
permeability  is  higher  in  larger  pore-throat  groups.
Sample  10  is  dominated  by  Group  C  pore  throats   (i.e.   the
largest  volume  of  pores  is  accessed  by  Group  C  throats)
but  exhibits  permeability  similar  to  some  samples
dominated  by  Group  D  throats.     This  is  due  to  the  fact
that  sample  10  contains  Group  D  pore  throats  but  they
access  less  pore  volume  than  Group  C  throats.
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FIGURE  45-  Distribution  of  pore-throat  sizes  by  group  in  mercury  intrusion  samples.
Samples  are  sorted  in  order  of  increasing  permeability.     Increasing  permeability  is
accompanied  by  a  shift  in  pore-throat  distributions  to  larger  pore-throat  groups.
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percentage  of  pore  volume  which  is  accessed  by  Group  D

pore  throats.

Relationship  to  dolomite  fabric.    The  clustering  of

pore-throat  sizes  into  specific  size  ranges  strongly
implies  a  fabric  and/or  textural  influence  on  pore-

throat  size  and,  therefore,  permeability.     Petrographic

examination  of  analyzed  samples  lends  clues  to  the

causes  of  segregation  of  pore-throat  sizes.

Distributions  dominated  by  Group  A  and  Group  D  are  most

easily  resolved.

Samples  which  are  characterized  by  Group  A  pore-

throat  distributions  are  mud-supported  rocks.

Dolomudstone   (Lithotype  28;   Figure  37)   and  skeletal-

moldic  dolowackestone   (Lithotype  48;   Figure  36)   have

similar  permeability   (approximately  0.01  millidarcy)   and

pore-throat  size  distributions,   and  exhibit  over  40%
uninvaded  pore  volume   (Figure  45).     Even  though  the

dolowackestone  sample  contains  open  skeletal  molds,

fluid  movement  between  molds  is  mediated  by  dolomudstone

fabric  due  to  the  fact  that  the  molds  are  not  generally
interconnected.     Rocks  dominated  by  Group  A  pore-throat

distributions  are  thus  considered  to  have  mud-controlled

properties.     The  proportion  of  total  pore  volume  of  a
sample  which  is  accessed  by  Group  A  pore  throats,

however,   can  not  be  unequivocally  viewed  as

representative  of  the  apparent  mud  fraction  of  the  rock
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because  it  has  not  been  proven  that  no  other  rock

constituents  exhibit  similar  characteristics.
Samples  dominated  by  Group  D  pore-throat

distributions  are  generally  characterized  by  a  very  low
apparent  mud  fraction  (i.e.   a  very  small  percentage

Group  A  pore  throats) ,   a  low  percentage  of  uninvaded

pore  volume   (Figure  45) ,   and  interconnected  networks  of

open  skeletal  molds  and  interparticle  voids   (Figures  40,

41) .     The  pore  throats  connecting  large  pores  in  high

permeability  samples  are  commonly  observed  in  thin
section   (F`igure  40A)   to  be  relatively  large  openings

which  are  not  occluded  by  interlocking  dolomite

crystals.    Areas  separating  large  pores  in  lower

permeability  Group  D  samples   (Figure  41A)   are  generally

characterized  by  networks  of  euhedral  to  subhedral

dolomite  crystals,  and  these  samples  exhibit  higher

proportions  of  Group  C  pore  throats  and  a  slightly
larger  apparent  mud  fraction   (i.e.   Group  A  pore

throats) .     The  size  of  Group  D  pore  throats  observed  in

thin  section  falls  within  the  range  calculated  from

mercury  intrusion  pressure   (4  to  35  microns) .

In  order  to  address  the  relation  of  rock  texture
and  fabric  to  Group  8  and  Group  C  pore-throat  size

distributions,  the  modes  of  crystal  growth  and  pore

geometry  in  dolostones  must  be  considered.     Wardlaw

(1976)   has  described  the  general  properties  of  dolomite
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crystal  growth  as  they  affect  pore  throat  shapes  and  the
resulting  capillary  pressure  response.    Correlation  of
capillary  pressure  characteristics  to  actual  three-
dimensional  pore  and  throat  geometry  was  accomplished  by

the  use  of  epoxy  pore  casts.     As  described  by  Wardlaw

(1976) ,   dolostones  comprised  of  an  open  mosaic  of

rhombohedral  crystals  (euhedral  fabric)   are

characterized  by  pores  which  are  bordered  by  randomly

oriented,  planar  crystal  faces,  described  as  polyhedral

pores.     Pore  throats  between  polyhedral  pores  are
numerous  and  exhibit  relatively  large   (in  comparison  to

pore  size)   and  multifaceted  shapes   (Figure  46).     Pore-

throat  size  is  positively  correlated  to  dolomite  crystal
size  in  euhedral  fabrics.     In  rocks  which  were  further

dolomitized,   continued  growth  of  individual  dolomite

crystals  resulted  in  crystal  interference  and  the
formation  of  compromise  boundaries  between  adjacent

crystals,  resulting  in  a  subhedral  fabric.    Pore

geometry  evolved  from  large  polyhedral  shapes  to  smaller
tetrahedral  shapes  as  crystal  faces  bordering  individual

pores  grew  outward.     In  an  advanced  stage  of  dolomite

growth  in  which  most  pores  are  tetrahedral,  pores  are
Connected  by  thin  sheet-like  spaces  between  the

compromise  boundaries,   referred  to  as  interboundary

sheet  throats.     With  continued  dolomite  crystallization,

tetrahedral  pores  are  reduced  to  intercrystal  triple
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FIGURE  46-  Schematic  representation  of  dolomite  pore  and
throat  geometries  in  the  progression  from  polyhedral  to
tetrahedral  to  interboundary  sheet  pore  systems.
Porosity  of  dolomite  matrix  decreases  with  increased
crystal  interference.    Ejection  efficiency  (recovery
efficiency)   decreases  also  in  conjunction  with  increased
pore/throat  ratio.      (modified  from  Wardlaw,1976).
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junctions  and  the  entire  pore  system  is  comprised  of
interboundary  sheet  pores   (anhedral  fabric).    Wardlaw

(1976)   determined  that  interboundary  sheet  pores  and
throats  do  have  measureable  dimensions  and  are

demonstrably  open  at  depth.    The  range  of  interboundary

sheet  widths  measured  from  epoxy  pore  casts  was  0.1  to  4

microns,  with  an  average  of  2  microns.     Widths  less  than

0.1  micron  were  not  observed  due  to  the  limits  of  epoxy

impregnation,   but  were  assumed  to  be  present.

Although  two-dimensional  petrographic  analysis

is  clef icient  in  the  consideration  of  three-dimensional

arrays,     a  generalized  relationship  is  observed  between

pore-throat  size  distribution  and  dolomite  fabric.
Petrographic  examination  of  samples  which  are  dominated

by  Group  8  and/or  Group  C  pore-throat  size  distributions

suggests  that  Group  8  pore  throats  are  dominated  by

interboundary  sheets,   and  that  Group  C  pore  throats  are

dominated  by  smaller  polyhedral  throats   (in  comparison

to  Group  D  pore  throats) .     Figure  42  illustrates  an

example  of  a  pore-throat  size  distribution  which

includes  both  Group  8  and  Group  C.     Pores  are

represented  by  open  skeletal  molds  and  partially

dolomitized  interparticle  areas.    Areas  between  pores

are  characterized  by  anhedral  dolomite  mosaics  as  well

as  subhedral  dolomite  mosaics.     Pore  throats  in  the

anhedral  mosaics  are  principally  interboundary  sheets
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(Group  8)   whereas  the  more  open,   subhedral  mosaics

likely  contain  a  higher  percentage  of  polyhedral  pore

throats   (Group  C).    The  degree  of  crystal  interference

in  subhedral  fabrics  will  af fect  the  size  of  polyhedral

pore  throats.    For  a  given  crystal  size,  less  growth
interference  will  result  in  larger  throats  whereas

greater  degrees  of  growth  interference  will  result  in
progressively  smaller  throats.

An  example  of  a  pore-throat  size  distribution

dominated  by  Group  8  throats  is  illustrated  in  Figure

38.     This  dolostone  sample  contains  late,   zoned,   ferroan

calcite  cement  and  undissolved  skeletal  calcite.

Dolomitization  of  grains  was  pervasive  such  that

dissolution  resulted  in  a  pore  system  comprised  of

intercrystalline  dolomite  pores  distributed  within
former  intraparticle  and  interparticle  areas.    Few  open

molds  are  evident  and  cementation  has  occluded  many  of

the  larger  pores.    While  much  subhedral  to  euhedral

dolomite  is  evident,  it  is  patchily  distributed.    Areas
between  porous  patches  are  dominated  by  anhedral

dolomite  fabrics  indicating  that  interboundary  sheet

pore  throats  control  f luid  movement  between  porous
areas.    The  fact  that  calcite  cement  fully  occludes
larger  pores  and  that  the  abundant  pores  which  remain

open  contain  no  cement  indicates  that. cementation  was

controlled  by  pre-cementation  permeability  which,   in
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turn,  was  controlled  by  dolomite  fabric.     Because  no

Group  C  or  D  pore  throats  are  recorded  in  this  sample,

the  calcite  cement  probably  selectively  filled  pores
controlled  by  pre-existing  Group  C  and  D  pore  throats.

The  presence  of  undissolved  skeletal  calcite  may  further

explain  the  absence  of  porosity  controlled  by  Group  C

and  Group  D  pore  throats.

The  continuum  of  pore-throat  sizes   (i.e.   Group

A-D)   reflects  mud  content  and  the  degree  of

dolomitization  of  the  non-mud  components   (grains  and

cement) .     Pore  systems  dominated  by  Group  A  pore  throats

are  characteristic  of  mud-supported  dolostones.     Pore

systems  controlled  by  Group  a,   C,   and  D  pore  throats  are

indicative  of  grain-supported  fabrics.    The  difference

between  the  grain-supported  groups  is  related  to  the

degree  of  dolomitization  and  the  resultant  dolomite

fabrics  controlling  access  to  pores,   the  degree  of

dissolution  of  undolomitized  calcite,   and  the  degree  of

later  calcite  cementation.    The  majority  of  pores  in

grain-supported  samples  is  comprised  of  large  molds  and

partial  molds  of  skeletal  grains  and  former  cement.     In
rocks  with  no  residual  calcite,  Group  D  pore  throats  are

large  polyhedral  pore  throats  contained  within  euhedral

to  subhedral  dolomite  fabrics.     Group  C  pore  throats  are

smaller  polyhedral  pore  throats  contained  within

subhedral  and  smaller  euhedral  dolomite  fabrics.     Group
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8  pore  throats  are  interboundary  sheet  throats  contained
within  subhedral  to  anhedral  dolomite  fabrics.
Undissolved  calcite,  whether  skeletal  or  cement,  has  the

effect  of  occluding  the  larger  pore-throat  groups,
Groups  C  and  D.     The  greater  the  degree  of  overall

dolomitization  of  a  grain-supported  rock,  the  more  the

pore-throat  distribution  will  be  shifted  toward  smaller
pore-throat  sizes.     The  degree  of  dolomitization  is
influenced  by  a  host  of  factors  including  the

dolomitized  substrate   (i.e.  mud,   skeletal  grain,   type  of

skeletal  grain,  cement) ,  accessibility  to  dolomitizing

fluids,   and  time.    The  relationship  of  specific  dolomite

phases   (i.e.   Dolomites  I,   11,   and  Ill)   to  pore-throat

geometry  has  not  been  addressed.     It  is  important  to
remember,   the  description  of  dolomite  fabrics  which

relate  to  each  pore-throat  size  group  refers  only  to  the
areas  between  larger  pores   (e.g.  molds)   and  not  to  the

pores  themselves.     Different  pore-throat  groups  can
control  access  to  similar  networks  of  moldic  porosity.

This  can  account  for  varying  permeability  between  rocks

of  similarly  high  porosity   (Appendix  a,   Samples  2  and

10).

Recoverv  efficiencv.     Imbibition  analysis   (withdrawal)

was  conducted  on  four  samples  representative  of  high-

quality   (high  permeability)   reservoir.     The  purpose  was
to  characterize  the  recovery  efficiency   (RE)   of  the
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rock,  or  the  percentage  of  initial  mercury  saturation
which  is  ejected  upon  pressure  reduction.    Recovery

ef f iciency  in  an  air-mercury  system  is  considered  to  be
indicative  of  the  relative  proportion  of  a  non-wetting

phase   (e.g.   oil)  which  can  be  recovered  from  a  reservoir
due  to  simple  pressure  reduction.    The  absolute  value

calculated  from  the  air-mercury  system  is  not  applicable

to  a  water-oil  system,  but  the  relative  difference
between  rock  samples  is  applicable.     Of  the  four

samples,  three  yielded  satisfactory  results.   In  the

fourth  sample   (Appendix  8,   Sample  4) ,   the  measured

volume  of  mercury  ejected  and  that  calculated  by

gravimetric  analysis  varied  significantly.  Therefore,
the  imbibition  results  of  this  sample  are  disregarded.

The  results  of  the  remaining  three  analyses  are  as

follow:

Porositypermeabil ity      RE
S amp 1 e         lil              JJE§1              1±1

Pore  Volume
£   E2    A  Uninvaded

2                      25.3                   234                   41.9        7413    5      1         7

9                      23.4                   123                   36.0        6121112         5

10                      25.3                     32                     33.0        17   5025    4         5

The  recovery  efficiency  decreases  with  permeability  and

the  shift  to  smaller  pore-throat  distributions  (smaller

percentage  of  pores  accessed  by  Group  D  pore  throats) .
Wardlaw   (1976)   has  demonstrated  a  relation  between

decreasing  recovery  efficiency  and  increasing  pore
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diameter/pore  throat  diameter  ratio  (pore/throat  ratio) .
As  pore  throats  become  smaller  in  comparison  to  the

associated  pores,  expulsion  of  the  non-wetting  phase
becomes  less  efficient   (i.e.  a  smaller  percentage  is

expelled).     In  Bindley  Field  samples,  pore  throats  of

different  groups  connect  large  moldic  pores,  therefore  a
decrease  in  pore-throat  size  can  be  accompanied  by  an

increase  in  the  pore/throat  ratio.

Reservoir  Model

The  integration  of  subsurface  geology,   core

description,  petrography,  and  petrophysical  data  results

in  a  model  which  describes  the  origin  of  porous  and

permeable  reservoir  rock,   its  three-dimensional
distribution,  and  the  segregation  of  reservoir  layers
into  discrete,  horizontal  flow  units.     The  purpose  of

the  model    is  to  1)   explain  production  history,   2)

assist  in  more  efficient  recovery  of  remaining  reserves,

3)   serve  as  a  reference  for  other,  similar  reservoirs,

and  4)   lead  to  improved  exploration  models  for  possible

undiscovered  fields  of  a  similar  nature.

Oriain  of  Reservoir  Rock

A  definition  of  reservoir  quality  which  is
constrained  by  economic  factors  is  both  subjective  and

ephemeral.     Therefore,   for  the  purposes  of  the  model,   an

absolute  clef inition  is  adopted  which  is  consistent  with
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empirical  observations  of  well  performance.     In  Bindley

Field,  the  descriptive  term  "reservoir-quality"  refers
to  rock  containing  porosity  of  10  percent  or  greater,
and  exhibiting  matrix  permeability  of  10  millidarcys  or

greater.    Matrix  permeability  refers  to  permeability
controlled  by  the  matrix  of  the  rock  as  opposed  to  that

related  to  fracturing.
Three  factors  are  critical  in  the  creation  of

reservoir-quality  rock  in  Bindley  Field;   1)   grain-

supported  depositional  fabric,   2)  pervasive,  but

incomplete  dolomitization,   and  3)   dissolution  of

undolomitized  calcite   (Figure  47).     Later  occlusion  of

pore  space  by  calcite  cement  is  observed,  but  is  not
considered  critical  in  the  destruction  of  porosity  and

permeability  prior  to  oil  migration.     For  the  purposes
of  the  model,   all  dolomite  phases   (Dolomites  I,   11,   Ill)

are  considered  in  aggregate,  even  though  the  relative

timing  of  each  phase  in  relation  to  cementation  and

dissolution  may  be  different.

Of  primary  importance  is  depositional  fabric.

Mud-supported  rocks  possess  relatively  high  porosity   (10

to  20%) ,  but  regardless  of  diagenetic  history,     exhibit

very  low  permeability   (less  than  10  millidarcys).     Where

skeletal  molds  are  abundant,  permeability  is  low  due  to

the  very  small  pore-throat  sizes  associated  with  the
dolomudstone  fabric  which  separates  the  isolated  molds.
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FIGURE  47-  Generalized  flow  diagram  illustrating  the
critical  factors  in  the  evolution  of  Bindley  Field
reservoir  rock.    The  three  critical  factors  in  creation
of  reservoir  rock  are  1)   depositional  fabric,   2)   degree
of  dolomitization,   and  3)   extent  of  dissolution  of
undolomitized  calcite.     The  diagram  is  simplified  in
that  all  interparticle  cementation  and  all
dolomitization  are  each  represented  as  single  events.
The  division  of  degrees  of  dolomitization   (i.e.   50-80%)
are  not  absolute  and  are  intended  to  indicate  general
ranges.     Mechanisms  of  porosity  destruction  after
creation  of  reservoir  are  not  included.
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Virtually  all  reservoir-quality  intervals  display  grain-
supported  fabrics.

Within  the  categories  of  grain-supported
depositional  fabrics,   some  portion  was  diagenetically

altered  into  reservoir  rock  (Lithotype  4C)   and  the

remainder  was  transformed  into  non-reservoir  rock

(Lithotype  4D).     Lithotype  4D  is  comprised  of  skeletal

grainstone  fabrics  which  were  pervasively  cemented  by
interparticle  calcite,  experienced  little  or  no
dolomitization,   and  underwent  minimal  dissolution

(Figures  27E,   28C,   31A).     Lithotype  4C  is  comprised  of

skeletal  packstones  and  grainstones  which  also  were

cemented  by  interparticle  calcite,  were  dolomitized  to

varying  degrees   (Figures  28A,   28D,   318,   31C),   and  were

subjected  to  dissolution  of  undolomitized  calcite

(Figures  278,   31D).     Based  on  petrographic  criteria,   it

is  interpreted  that  the  highest  permeability  reservoir
rock  is  derived  from  calcite-cemented,   skeletal

grainstones.     The  causes  of  pervasive  dolomitization  of
certain  grainstones  while  others  remain  undolomitized

are  related  to  the  thickness  of  grainstone
accumulations,   proximity  to  muddy  intervals,   and  time.

Access  of  dolomitizing  fluids  to  cemented  grainstones  is

likely  to  occur  via  associated  muddy  sediments.

Dolomitization  of  cemented  grainstone  accumulations  is

envisioned  to  progress  from  the  outer  margins  toward  the
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interior  portions  which,  in  the  case  of  relatively  thick
accumulations,  can  leave  the  interior  portions
undolomitized.     Skeletal  composition  does  not  appear  to

exert  a  signif icant  influence  on  whether  a  grainstone  is
dolomitized.     Once  dolomitization  in  a  grainstone

begins,  mud-filled  bryozoa  and  other  non-echinoderm

grains  are  preferentially  dolomitized.    Large  echinoderm

grains  and  calcite  cement  exhibit  the  least
dolomitization.

Permeability  within  the  reservoir  rocks  of
Lithotype  4C  is  related  to  the  percentage  of  dolomitized

mud,  the  degree  of  dolomitization  of  bioclasts  and

calcite  cement,  the  extent  of  dissolution  of

undolomitized  calcite,   and  the  volume  and  distribution

of  late  calcite  cements.     Greater  degrees  of

dolomitization  result  in  dolomite  fabrics  with  smaller

pore  throats  (less  permeability  potential)   and  less
undolomitized  calcite  (less  porosity  potential) .

Dissolution  of  undolomitized  grains  and  cement  results

in  the  creation  of  moldic,   interparticle,  and
intercrystalline  pore  space.    Failure  of  this  calcite  to
dissolve,   or  later  cementation  of  the  larger  pores  and

throats,  will  result  in  low  permeability.

The  ideal  reservoir  rock  (highest  permeability)

consisted  of  cemented  echinoderm/bryozoan  grainstone,

was  approximately  75%  dolomitized,   and  all  undolomitized
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calcite  was  subsequently  dissolved   (Figures  288,   31D,

40) .     The  end  result  is  a  rock  composed  of  dolomitized

pseudomorphs  of  skeletal  grains,   numerous  large  skeletal
molds,   and  molds  of  former,   partially  dolomitized,

interparticle  cement.    The  pores  are  interconnected

primarily  by  large,  open  throats   (undolomitized  grain
boundaries)   and  large  polyhedral  dolomite  throats

(dolomitized  grains  or  cement  with  euhedral  to  subhedral
fabric) .     Porosity  exceeds  25%  and  permeability  may

exceed  200  millidarcys.    This  ideal  reservoir  rock  is

observed  in  the  Meramec  2D  and  2E  subintervals  in  wells

along  the  crest  of  the  field.
In  summary,  reservoir  quality  is  quantified  by

matrix  permeability.    Matrix  permeability  is  determined,

in  order,   by  1)   depositional  fabric,   2)   degree  of

dolomitization,   and  3)   extent  of  dissolution  of

undolomitized  calcite.

Reservoir  Architecture

The  reservoir  architecture  in  the  Meramec  2

interval   (Figure  48)   is  primarily  controlled  by

depositional  morphology.     The  general  configuration  is

represented  by  stacked,  horizontal  layers  of  relatively

high  permeability  rocks   (Lithotype  4C)   which  are

separated  by  thin  layers  of  very  low  permeability  rock

(Lithotypes  28,   4A,   48,   5).     The  layers  correspond  to

the  stacking  of  parasequences.     The  three-dimensional
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section  Kd-Kd')   equal  to  or  greater  than  10
millidarcys.     Trend  of  cross-section  is  the  same  as
that  of  cross-section  Fd-Fd'   illustrated  in  Figure
23A.     The  distribution  of  permeability  mimics  the
distribution  of  Lithotype  4C  and  depositional
architecture   (compare  to  Figure  21).     Permeability  is
highly  stratified  and  permeable  layers  are  segregated
by  relatively  impermeable  horizons.     The  majority  of
permeable  rock  is  located  in  the  Meramec  2D  and  2E
subintervals   (flow  units).     The  datum  of  the  cross-
section  is  the  base  of  the  Meramec  1  interval.
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distribution  of  reservoir-quality  rock  mimics  the
distribution  of  Lithotype  4C  in  conjunction  with  the
correlation  of  Lithotype  4C  to  permeability  values  of  10

millidarcys  or  greater   (compare  Figures  21  and  48).     A

small  fraction  of  Lithotype  48  exceeds  10  millidarcys

due  to  the  presence  of  grain-supported  interlayers  which

can  occur  within  Lithotype  48.   Permeability  decreases

laterally  in  areas  of  muddier  rock  fabrics  and  thinner

grain-supported  layers,  probably  due  to  a  greater  degree
of  dolomitization  in  thin  layers.

The  thin,   relatively  impermeable  layers  which

separate  the  higher  permeability  layers  are  likely  to
serve  as  conf ining  layers  which  inhibit  vertical

movement  of  reservoir  fluids  between  permeable  layers.

These  confining  layers  generally  exhibit  permeability  of

.01  to  1  millidarcy.     The  lack  of  oil  staining  in  these

layers  where  they  separate  oil-saturated  zones  indicates

that  the  matrix  is  impermeable  to  oil  under  extant

reservoir  conditions.     The  very  low  measured

permeability  and  very  high  capillary  pressure
characteristics  of  these  rocks  suggest  that  matrix

permeability  to  water  is  similarly  negligible.    Vertical
fractures  are  observed  in  these  layers  and  are  commonly

cemented  by  calcite.     Measured  directional  permeability

in  fractured  samples  ranges  from  a  few  millidarcys  to  a

few  hundreds  of  millidarcys,   but  the  degree  to  which
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fractures  were  enhanced  by  coring  and  handling  is

unknown.     Vertical  communication  between  permeable

layers  via  fractures  is  probable;  however,  it  is  likely
to  result  in  "leakage"  in  discontinuous  areas  of  the
reservoir  rather  than  uniformly  distributed
cormunication.

Each  permeable  Meramec  2  subinterval  can  thus  be

viewed  as  a  separate  flow  unit  insofar  as  f luid  recovery

is  concerned.     The  highly  layered  nature  of  the  stacked

reservoir  intervals  and  the  intervening,  laterally
continuous  barriers  to  vertical  fluid  flow  are  likely  to

cause  each  permeable  layer  to  act  as  a  separate

reservoir.     Pressure  isolation  between  layers  may  not

occur  due  to  some  degree  of  fracture  communication,   but

containment  of  the  bulk  of  reservoir  fluids  is  likely.
The  three-dimensional  distribution  of  permeability  may

be  viewed  in  a  series  of  layer   (flow  unit)   maps   (Figures

49  A-D) .     The  distribution  of  permeability  within  each

flow  unit  is  greatest  along  the  axis  of  the  f ield  and

diminishes  on  the  flanks.     The  Meramec  2D  and  2E  flow

units  contain  the  maximum  permeability  development  in

terms  of  thickness  and  areal  extent,  and  are  the  primary

producing  intervals  in  the  field.
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FIGURE  49-  Distribution  of  permeability  by  Meramec  2
subinterval.     Values  are  in  millidarcy-feet.   A.   Meramec
2C.      8.   Meramec   2D.      C.   Meramec   2E.      D.   Meramec   2F.
Permeability  development  increases  in  magnitude  and
areal  extent  in  each  successive  subinterval  culminating
in  Meramec  2E.     Permeability  development  is  considerably
diminished  in  Meramec  2F.     The  field  area  is  indicated
by  the  stipled  background.

I
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The  reservoir  model  predicts  that  matrix

permeability  is  the  primary  factor  governing  fluid
productivity.    If  so,  the  cumulative  volume  of  fluids
produced  from  each  well  should  parallel  the  magnitude  of

permeability  development.     Because  all  permeable  flow
units  have  not  been  perforated  in  each  well,   if
signif icant  communication  between  flow  units  does  not

occur,  then  fluid  productivity  should  relate  only  to  the

permeability  development  in  the  flow  units  which  are
open  to  the  wellbore   (Figure  50A) .     The  measure  of

permeability  development  used  for  comparison  is  derived
by  multiplying  the  thickness  of  permeable  rock   (in  feet)

by  the  average  permeability  (in  millidarcys).     Intervals

with  permeability  values  of  less  than  10  millidarcys

were  excluded.     In  order  to  eliminate  the  effect  of

fracture  permeability,  permeability  values  in  samples

with  large  variance  between  maximum  directional

permeability  and  permeability  at  right  angles  to  the
maximum  (indicative  of  fracturing)   were  adjusted  to

reflect  the  average  matrix  permeability  of  adjacent
samples .

Individual  well  production  data  is  available

only  for  wells  within  the  Conoco  water flood  unit

(Conoco,   Inc.   data).     Individual  well  production  was

estimated  by  allocating  a  percentage  of  each  month's
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FIGURE  50A-  Distribution  of  permeability  equal  to  or
greater  than  10  millidarcys  in  perforated  flow  units.
Values  are  in  millidarcy-feet.    Assuming  that  flow  units
are  not  vertically  communicated,  production  should
correspond  to  the  permeability  development  in  the
perforated  flow  units.    The  field  area  is  indicated  by
the  stipled  background.

FIGURE  508-  Cumulative  oil  production   (thousands  of
barrels)   from  September,   1973  through  June,   1990   for
wells  in  the  Conoco,   Inc.   water flood  unit.     Oil
production  generally  mimics  the  distribution  of
permeability  in  perforated  flow  units   (Figure  50A) .

FIGURE  50C-  Cumulative  water  production   (thousands  of
barrels)   from  September,   1973  through  June,   1990  for
wells  in  the  Conoco,   Inc.  waterflood  unit.     Water
production  coincides  with  the  distribution  of
permeability  in  perforated  flow  units  with  the  exception
of  a  Prominent  high  water  area  trending  northeast-
southwest  through  the  center  of  the  field.

FIGURE  SOD-  Cumulative  total   fluid  production   (thousands
of  barrels)   from  September,   1973  through  .une,   1990   for
wells  in  the  Conoco,   Inc.   waterflood  unit.
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lease  production  to  each  well  based  on  monthly  well

tests.    Production  from wells  outside  the  water flood

unit  is  reported  by  lease,  which  may  include  production

from  multiple  wells  and  cannot  be  accurately  allocated
to  individual  wells.    The  data  for  wells  within  the
waterflood  unit  reflect  cumulative  production  from
September,   1973   (16  months  after  field  discovery)

through  .une,   1990.     Even  though  the  data  do  not  include

the  first  16  months  of  production  from  the  unit  wells,

the  omitted  data  represents  a  minor  fraction  of  the
cumulative  production   (approximately  13%  of  cumulative

oil  from  the  unit  wells) ,  and  relative  production

between  wells  is  considered  to  be  accurate.

The  distribution  of  oil  production  exhibits  a
close  correlation  to  permeability  development  in

perforated  intervals   (Figures  50A,   SOB).     Water

production  and  total  fluid  production   (oil  and  water)
are  similarly  distributed   (Figures  50C,   SOD) ,   with  the

exception  that  a  prominent  northeast-southwest  trending,

high-f luid  area  is  evident  which  extends  into  the  low

permeability  southwestern  flank  of  the  field   (SW/4  SE/4,
33-21S-24W).     Cumulative  oil  production  per  well  ranges

from  1,000  barrels  to  448,000  barrels   (Figure  SOB) .

Cumulative  water  production  per  well  ranges  from  2,000

barrels  to  791,000  barrels   (Figure  50C) .
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Crossplots  of  permeability  in  perforated

intervals  versus  cumulative  total  fluid  production

quantify  the  relationship  between  permeability
development  and  productivity   (Figure  51A) .     In  the

majority  of  wells,  total  fluid  production  increases
linearly  with  increasing  permeability  development  in

perforated  intervals.    This  linear  trend  is  considered
representative  of  matrix  permeability  and  is  referred  to
as  the  permeability/productivity  baseline.    However,  two

additional  trends  are  evident.  One  trend  consists  of  two

wells  characterized  by  anomalously  high  fluid  production

in  low  permeability  wells.     These  wells  exhibit  oil

production  which  falls  on  the  permeability/productivity
baseline   (Figure  518).     The  other  trend  consists  of

three  wells  characterized  by  anomalously  high  fluid

production  in  relatively  high  permeability  wells.     These
wells  exhibit  oil  production  which  is  also  in  excess  of

that  of  the  permeability/productivity  baseline.
Comparison  of  the  cumulative  water/oil  ratio  to

permeability  demonstrates  a  baseline  water/oil  ratio  for
most  wells  ranging  between  a  value  of  1:1  and  2:1

(Figure  51C).     The  ratio  reaches  4:1  in  a  few

structurally  low  wells.    The  water/oil  ratio  in  the

anomalous,   low  permeability  wells  of  Figure  51A  far

exceeds  the  baseline,   reaching  a  value  of  20:1,

indicating  that  water  production  is  disproportionately
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FIGURE  51A-  Crossplot  of  permeability-feet  in
perforated  flow  units   (>10  md)   versus  cumulative  fluid
production   (September,1973  -.une,1990).     Most  wells
follow  a  linear  relationship  between  permeability-feet
and  production  (permeability/productivity  baseline) .
Two  anomalous  trends  are  observed;   1)   higher  total
fluid  than  predicted  by  the  baseline  in  high
permeability  wells,  and  2)  higher  total  fluid  than
predicted  by  the  baseline  in  low  permeability  wells.

FIGURE  518-  Crossplot  of  permeability-feet  in
perforated  flow  units   (>10  md)   versus  cumulative  oil
production   (September,1973   -.une,1990).     Most  wells
follow  a  linear  relationship  between  permeability-feet
and  production   (permeability/productivity  baseline) .
Anomalously  high  volumes  of  oil  were  produced  in  three
wells  as  compared  to  wells  on  the  baseline  trend.     The
magnitude  of  the  anomalous  oil  production  is
proportional  to  permeability  development.

FIGURE  51C-  Crossplot  of  permeability-feet  in
perforated  flow  units   (>10  md)   versus  cumulative
water/oil  ratio   (September,1973  -June,1990).     Wells
which  fall  on  the  permeability/productivity  baseline
(Figures  52A,   528)   display  a  uniform  water/oil  ratio.
A  small  cluster  of  wells  with  a  slightly  elevated
water/oil  ratio  represents  wells  in  structurally  low
positions.    Two  wells  have  a  very  high  water/oil  ratio
and  correspond  to  the  anomalous,   low  permeability
wells  in  Figure  52A.
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high.    The  water/oil  ratio  in  the  anomalous,  high

permeability  wells  of  Figure  51A  falls  within  the
baseline  water/oil  ratio  range,  indicating  that  oil  and
water  production  were  both  proportionally  high.

Excessive  water  production  in  the  anomalous,   low

permeability  wells  is  most  easily  explained  by
communication  to  permeable,  water-bearing  zones  via

natural  fractures,  possibly  enhanced  by  acid
stimulation.     Excessive  volumes  of  acid  or  excessive

treatment  pressure  may  open  and  etch  pre-existing  zones

of  weakness.     The  anomalous  well  with  the  highest

water/oil  ratio   (SW/4  SE/4,   33-21S-24W)   indicated  low

permeability  in  a  drillstem  test  of  the  perforated
interval   (very  low  fluid  recovery)   and  contained  no

permeability  in  excess  of  10  millidarcys  in  the

producing  interval.     The  anomalous  volume  of  water

produced  from  such  a  low  permeability  zone  indicates
that  matrix  permeability  is  not  the  controlling  factor.
Brecciated  zones  in  this  well  were  observed  to  occur

farther  below  the  basal  Pennsylvanian  unconformity  than

in  any  other  well.   Both  wells  with  anomalously  high

water  cuts  are  situated  along  the  southwestern  f lank  of

the  Bindley  Field  structure   (Figure  llA) .

The  cause  of  the  anomalously  high  oil  and  water

production  from  the  three  high  permeability  wells  is
more  problematic.     Examination  of  factors  such  as
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structural  position,  thickness  of  permeable  zone,  and

storage  volume  were  inconclusive  in  explaining  the

phenomenon  relative  to  other  high  permeability  wells.
All  three  wells  were  perforated  in  all  major,  permeable,

oil-bearing  zones,  therefore,  contribution  from

unperforated  intervals  is  not  a  factor.    The  two  most

anomalous  wells  are  direct  offsets  to  the  pilot  water

injection  well.     However,   cumulative  production  data

prior  to  implementation  of  the  pilot  water flood  exhibits
the  same  anomalous  patterns,   indicating  that  the

anomalies  are  not  a  result  of  response  to  the  pilot

water flood.     The  production  of  oil  and  water  volumes

significantly  in  excess  of  the  matrix  permeability

baseline,  and  in  a  normal  water/oil  ratio,   suggests

higher  recovery  efficiency  of  oil  in  place,   a  more

widely  communicated  drainage  area  than  in  other  high

permeability  wells,   and/or  a  more  efficient  recharge  of
the  reservoir.

The  two  most  anomalous,   high  permeability  wells

and  the  most  anomalous,  high  water-cut  well  are  all

aligned  along  the  axis  of  the  northeast-southwest

trending,  high-fluid  trend  illustrated  in  Figure  518.

The  linear  alignment  of  these  three  wells  is  suggestive

of  a  linear  fracture  trend.    If  fracturing  is  a  factor,
the  effect  of  fracturing  on  high  permeability  wells  does
not  appear  to  cause  direct  communication  of  water  to  the
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wellbore  as  in  low  permeability  wells.     This  may  be  due

to  the  fact  that  high  permeability  zones  typically
accept  acid  treatments  at  very  low  pressure  or  on  vacuum
and,  therefore,  acid  treatments  do  not  induce  the
opening  and  etching  of  fractures  near  the  wellbore  which

are  outside  of  the  permeable  zones.    The  existence  of

unetched  natural  fractures  distal  from  the  wellbore  may

allow  leakage  of  external  fluids  into  the  producing  flow

units  along  the  fracture  trend,  resulting  in  recharge  of
the  flow  units  and,  possibly,   a  natural  waterflood

effect.
In  summary,   quantitative  comparison  of

cumulative  production  data  to  permeability  development

conf irms  that  the  fundamental  control  on  reservoir

quality  and  performance  is  the  degree  of  matrix

permeability  development.     Correlation  of  cumulative
fluid  production  and  permeability  reveals  a  linear,

baseline  matrix-permeability/productivity  relationship.

Additional  factors  modify  the  baseline  relationship  in

two  ways.     In  the  first  case,  probable  vertical

fracturing  within  and  between  low  permeability  zones,

combined  with  high  volume  or  high  pressure  acid

treatments,  causes  opening  and  etching  of  pre-existing

vertical  fractures  near  the  wellbore  which  are  in
communication  with  permeable,  water-bearing  strata.     The

result  is  anomalously  high  water  production  and  an
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abnormally  high  water/oil  ratio.    An  alternative  to
communication  via  fractures  is  communication  behind  well

casing  as  a  result  of  poor  cement  bonding;  however,   the

presence  of  breccia  well  below  the  basal  Pennsylvanian
unconformity  is  consistent  with  fracturing.     In  the
second  case,  water  and  oil  production  substantially  in

excess  of  that  predicted  by  the  permeability/

productivity  baseline,   and  in  a  normal,   cumulative
water/oil  ratio,  nay  be  explained  by  a  pre-existing

vertical  fracture  system  which  permits  leakage  of  f luids

into  producing  flow  units  from  external  sources.     A  high

water/oil  ratio  is  not  observed  because  the  fracture

system  was  not  ef fectively  communicated  throughout  and

acid  treatment  of  permeable  zones  may  not  have  opened

and  etched  the  fractures  between  and  external  to

perforated  flow  units.     Therefore,   fluid  flows  to  the
wellbore  via  flow  units  rather  than  fractures

communicated  with  the  wellbore.



CHAPTER  VII

DISCUSSION

Integration  of  subsurface  geology,  core
analysis,  petrography,  petrophysical  analysis,   and

production  information  in  Bindley  Field  has  resulted  in
a  descriptive  model  of  the  stratigraphy,  depositional

geometry,  reservoir  origin,  reservoir  architecture,  and
reservoir  performance.    The  practical  significance  of
the  model  includes  1)   the  application  to  Bindley  Field

reservoir  management  and  exploitation,   and  the

application  to  reservoir  management  in  other,   similar

reservoirs,   2)   the  development  of  improved  exploration

models,   and  3)   the  possible  contribution  to  a  more

meaningful  stratigraphic  subdivision  of  the  lower
Meramecian  stage  in  western  Kansas.

ADDlication  to  Bindlev  Field

The  recognition  of  the  lower  Meramecian

stratigraphic  framework,  the  highly  stratified  nature  of
tthe  reservoir  zones,  and  the  relationship  between

permeability  and  depositional/diagenetic  factors  have
direct  application  to  the  effective  management  of  the
Bindley  Field  reservoir.    Reservoir  quality  is  directly
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related  to  matrix  pemeability  development  which  is,   in
turn,  related  to  the  distribution  of  grain-supported
depositional  fabrics.    I.ateral  and  vertical  facies
changes  are  the  primary  control  on  reservoir
distribution.    Diagenetic  overprinting  of  grain-
supported  fabrics  determines  the  f inal  distribution  of
reservoir  rock  and  its  quality.    The  result  is  a
sequence  of  vertically  stacked  flow  units  separated  by
thin  layers  of  very  low  matrix  permeability.     Each

couplet  of  permeable  layer  and  its  associated

impermeable  cap  correspond  to  a  depositional

parasequence.     The  impermeable  layers  are  likely  to

provide  semi-ef fective  barriers  to  vertical  f luid
movement  in  most  areas  of  the  field,   and  fluid  flow  will

be  largely  confined  within  each  flow  unit.     The  Meramec

2  interval  is  comprised  of  six  stacked  f low  units  with

the  highest  quality  reservoir  developed  in  the  Meramec

2D  and  2E  flow  units.     In  certain  areas  of  the  field,

vertical  fracturing  may  modify  reservoir  performance.

The  degree  to  which  communication  between  flow  units

occurs  in  various  areas  of  the  f ield  is  best  determined

by  production  behavior  and  production  testing.

The  most  fundamental  application  of  this  model

to  Bindley  Field  reservoir  management  is  in  the

recognition  of  flow  units  as  segregated  reservoirs,   and

the  proper  correlation  of  f low  units  throughout  the
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field.     Completion  of  only  one  of  two  or  more  adjacent

f low  units  may  not  ef f iciently  drain  the  unperforated
flow  units,  resulting  in  non-optimal  primary  recovery.
Assuming  that  unperforated,  oil-saturated  flow  units
will  yield  oil  reserves  in  accordance  with  the

permeability/productivity  baseline,  unperforated  flow
units  in  cored  wells  containing  in  excess  of  50

millidarcy-feet  of  permeability  can  contribute  up  to
175,000  barrels  of  incremental,   primary  oil.     Allowing

for  possible  reduced  reservoir  pressure,  this  estimate
is  considered  an  upper  limit;  however,   it  includes  cored

wells  only.     Permeability  measurements  in  uncored  wells

are  not  available  for  estimation  of  potential,  untapped
reserves,   but  Meramec  2D  and  Meramec  2E  zones  which

exhibit  porosity  and  which  were  not  perforated  during

initial  completion  have  the  potential  to  contribute

additional  primary  oil  reserves  in  f ive  additional
wells.

In  the  implementation  of  pressure  maintenance  or

secondary  recovery,  proper  correlation  of  flow  units

between  wells  is  critical  to  successful  performance.

Failure  of  adjacent  injection  and  producing  wells  to  be

open  in  the  same  flow  units  will  result  in  the  absence

of  a  production  response.     Failure  to  recognize  that

certain  flow  units  have  been  eroded  beneath  the  basal
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Pennsylvanian  unconformity  may  also  lead  to  lack  of

communication  between  injection  and  producing  wells.

Recovery  ef f iciency  in  mercury  intrusion  samples

was  observed  to  be  reduced  in  lower  permeability,  grain-

supported    samples  in  conjunction  with  more  complete

dolomitization  and  reduction  in  the  size  of  pore

throats.    If  this  relationship  holds  true  under
reservoir  conditions,  recovery  efficiency  will  be  lower

in  low  permeability  areas  of  the  field   (flanks)   than  in

the  higher  permeability  areas   (central  axis).     In

addition,   if  oil  and  water  production  which

significantly  exceeds  that  predicted  by  the

permeability/productivity  baseline  in  higher
permeability  wells  is  due  to  fracture-mediated  reservoir
recharge  and  natural  water flooding,  wells  which  lie  on

the  permeability/productivity  baseline  may  produce

incremental  reserves  if  water flooded.

Trapping  in  Bindley  Field  is  a  function  of

lateral  facies  change  and  true  structural  closure.
''True"  structure  refers  to  relief  napped  on  a

stratigraphic  horizon   (e.g.   the  top  of  the  Meramec  2

interval)   rather  than  relief  napped  on  the  unconformity

surface.    True  structure  reflects  the  structural

configuration  of  the  reservoir  layers.    Permeability  in
f low  units  decreases  laterally  away  from  the  central

axis  of  the  field  as  a  function  of  increasing  mud



185

content  and  more  complete  dolomitization.     The

distribution  of  permeable  f low units  correlates  to

present  structure  due  to  probable  recurrent  structural
amplification  of  earlier,  structurally  induced
bathylnetry.     Individual  impermeable  layers  between  flow

units  provide  at  least  a  partial  seal  of  each  flow  unit.
Where  intact,  the  argillaceous  dolomudstone  and

dolomitic  shale   (Lithotype  5)   capping  the  Meramec  2

interval  provides  a  seal  of  the  overall  interval.    Where
Lithotype  5  or  individual  f low  unit  barriers  are

disrupted  at  the  basal  Pennsylvanian  unconformity,   clays

and  shales  of  the  basal  Pennsylvanian  conglomerate  form

the  seal.

Bindley  Field  is  likely  to  be  representative  of
other  lower  Meramecian  f ields  in  the  western  Kansas

subcrop  belt  and,  to  that  extent,  the  Bindley  Field

reservoir  model  and  the  applications  cited  above  are

likely  to  be  applicable  to  the  management  and

exploitation  of  such  fields.

ADDlication  to  EXDloration

Several  aspects  of  the  Bindley  Field  model  and

the  proposed  stratigraphic  framework  have  relevance  to

the  search  for  similar,  undiscovered  fields.    The

recognition  that  discrete  reservoir  developments   (i.e.

f ields)   occur  within  individual  Meramecian  intervals

(e.g.   Meramec  2,   Meramec  3,   eta.)   indicates  that  the



186

ability  to  recognize,  correlate,  and  individually  map
each  interval  is  critical  to  understanding  the
distribution  of  known  f ields  and  exploring  for
undiscovered  fields.    Many  of  the  factors  relevant  in

localization  of  lower  Meramecian  fields  are  discernable

only  beneath  the  basal  Pennsylvanian  unconformity.

Delineation  of  true  structure,  recognition  of  subcrop
trends,  and  definition  of  reservoir  trends  are  all

predicated  on  the  proper  correlation  of  lower  Meramecian
intervals .

The  correlation  of  Bindley  Field  reservoir

distribution  to  depositional  fabric,  and  the  relation  of
depositional  fabric  to  probable  structurally  induced
bathymetry  may  provide  useful  clues  in  delineation  of

exploration  areas.    Reservoir  layering  and  lateral

heterogeneity  are  important  considerations  in  the

interpretation  of  well  test  data.     Knowledge  of  the

variability  in  rock  types,  their  vertical  and  lateral
distribution,  and  the  relation  to  reservoir  development
are  .applicable  to  the  evaluation  of  cores  and  sample

cuttings  and  the  construction  of  facies  concepts  in
exploration.    The  relation  of  lithotypes  to  specific
depositional  environments  is  useful  in  consideration  of

other  viable  exploration  areas  in  the  search  for  similar
types  of  reservoir  development.     The  geologic  model  can

I
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serve  as  a  reference  in  the  development  of  a  seismic
model  for  use  in  exploration  for  similar  reservoirs.

I.over  Meramecian  StratiaraDhv

An  informal  stratigraphic  framework  for  lower

Meramecian  rocks  has  been  proposed  which  has  been

demonstrated  to  have  time-stratigraphic  significance.
Lower  Meramecian  intervals  can  be  correlated  with  open-

hole  logs  within  an  area  at  least  as  extensive  as

Hodgeman  and  Ness  Counties.     The  log  markers  which

separate  the  intervals  reflect  distinctive  lithotypes
which  cap  Meramecian  parasequence  sets.     The  log

signature  may  change  character  on  a  more  regional  scale

due  to  changes  in  the  facies  tracts  which  are
represented  above  and  below  the  parasequence  set

boundaries .

If  this  stratigraphic  subdivision  proves  to  be
more  widely  applicable,   it  will  provide  a  useful  tool  in

the  correlation  of  time-bounded  sequences,   in  the

interpretation  of  the  depositional  dynamics  of  the  lower

Meramecian  strata,  and  in  the  reconstruction  of  lower

Meramecian  paleogeography  in  western  Kansas.

Areas  for  Further  Study

The  Bindley  Field  model  is  envisioned  as  a

descriptive  working  model.     It  is  intended  to  provide  a

basic,  practically  based  understanding  of  the



188

stratigraphic  framework,  depositional  geometry,
diagenetic  history  of  reservoir  intervals,  reservoir
architecture,  and  petrophysics  of  reservoir-related
rocks.    Many  areas  remain  to  be  explored  further,

particularly  in  a  quantitative  sense.
Cathodoluminescence  petrography  has  demonstrated

the  presence  of  three  distinct  dolomite  phases

(Dolomites  I,11,   and  Ill).     This  study  did  not  examine
the  petrographic  and  chronological  relationships  of

these  phases  in  detail.    Of  particular  interest  is  the
specif ic  relationship  of  the  three  dolomite  phases  to

one  another,   the  timing  of  each  dolomitization  phase

relative  to  calcite  cementation  and  dissolution,  and  the
distribution  of  Dolomite  Ill  and  its  ef feet  on  pore-
throat  distributions.    Study  of  the  relationships
between  interparticle  cementation  by  calcite  and  the
individual  dolomite  phases  may  contribute  additional

evidence  related  to  the  interpretation  of  this  study
that  the  highest  quality  reservoir  rocks  originated  from
dolomitization  of  calcite-cemented  grainstones.

Detailed  petrography  (transmitted  light  and
cathodoluminescence)   of  the  dolomites,   combined  with

geochemical  analyses,  may  also  lead  to  an  interpretation
of  their  origin.

The  comparisons  of  pore-throat  distributions  to

dolomite  fabrics  and  pore-throat  geometry  were  based  on
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two-dimensional  petrographic  analysis.    Preparation  of

three-dimensional  pore  casts  of  rocks  samples  and  the

direct  observation  and  measurement  of  pore  and  throat

systems  would  provide  a  more  meaningful  analysis  of  the

relationship  of  dolomite  fabric  to  pore-throat  size
distribution.    Further  study  of  the  relationship  between
each  dolomite  phase  and  pore-throat  size  distribution  is
necessary  in  the  evaluation  of  the  relative  impact  of
each  dolomite  phase  on  pore-throat  size  and  reservoir

quality.
Several  cores  of  lower  Meramecian  rocks  from

various  areas  of  the  western  Kansas  subcrop  belt  are

available  for  study  at  the  Kansas  Geological  Survey.

Examination  of  these  cores  would  be  pertinent  in

evaluating  the  applicability  of  the  Bindley  Field  model

to  other  areas  of  the  subcrop  belt.    Correlation  of  the

lower  Meramecian  stratigraphic  intervals  in  a  more

regional  context  would  assist  in  the  expansion  of  the

model .
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CONCLUSIONS

The  following  conclusions  are  drawn  from

examination  and  integration  of  the  Bindley  Field  data

and  subsurface  data  in  the  Bindley  Field  area.

1)  Time-stratigraphic  intervals  of  lower
Meramecian  strata  in  the  study  area  are  correlative
throughout  Hodgeman  and  Ness  Counties,   Kansas  based  on

the  recognition  of  bounding  markers  in  open-hole  logs.

Beginning  at  a  widely  correlated  gamma-ray  marker  which

occurs  near  the  top  of  Osagian  strata,  the  lower

Meramecian  intervals  are  named,   in  ascending  order,

Meramec   1,   Meramec   2,   Meramec   3,   and  Meramec  4.      The   log

markers  at  the  top  of  the  Meramec  1  and  Meramec  2

intervals  record  the  tops  of  shallowing  or  restricting
upward  sequences  which  are  terminated  by  an  abrupt  shift

to  more  normal  marine  facies.     As  such,   the  log  markers

are  associated  with  a  time-correlative  shift  in  facies

patterns  and  the  intervening  strata  are  time  bounded.
2)   Reservoirs  in  northwestern  Hodgeman  County

are  developed  within  individual  Meramecian  stratigraphic

intervals,   and  production  from  each  major  field  is

associated  with  one  dominant  Meramecian  interval.
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Bindley  Field  produces  primarily  f ron  the  Meramec  2

interval ,
3)   The  Meramec  2  interval  consists  of  six

stacked  parasequences,  each  of  which  aggrades  upward

from  more  normal  marine,   skeletal  sediments  to

restricted,  subtidal  sediments.    The  boundary  between

parasequences  is  generally  sharp  and  denotes  a  rapid
shift  from  restricted  sediments  to  overlying,  more

normal  marine  sediments.     Meramec  2  parasequences  are

named,   in  ascending  order,   Meramec  2A,   28,   2C,   2D,   2E,

and  2F.     The  cause  of  parasequence  evolution  and

stacking  is  likely  to  be  related  to  relative  changes  in
sea  level  and/or  changes  in  the  degree  of  restriction  of

sea-water  circulation.
4)   The  Meramec  2   interval  comprises  a

parasequence  set  in  that  it  consists  of  parasequences
stacked  in  a  distinctive  fashion  and  is  bounded  above

and  below  by  a  major  marine  flooding  event.     The  Meramec

2  interval  displays  a  sharp,   sometimes  scoured,

transgressive  contact  with  the  underlying  Meramec  1

interval,  and  a  gradational,  but  relatively  rapid,
transition  to  the  overlying  Meramec  3  interval.     The

Meramec  1,   Meramec  3,   and  Meramec  4   intervals  are  likely

to  represent  parasequence  sets  as  well.

5)   Bindley  Field  is  associated  with  a  low  relief

skeletal  buildup  within  the  Meramec  2  interval.     The
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distribution  of  depositional  fabrics  is  related  to
structurally-induced,  positive  bathymetry  on  the
sea floor.    The  magnitude  of  depositional  relief  across

the  buildup  was  likely  less  than  10  feet.     Meramec  2

depositional  fabrics  are  progressively  grainier  in  upper

parasequences  in  the  center  of  the  field.    Sediments

grade  laterally  to  muddier  fabrics  on  the  flanks  of  the
field.     Storm  processes  were  important  in  the  winnowing

of  mud  constituents  and  the  generation  of  grain-

supported  fabrics  in  the  positive  areas  of  the  buildup.

6)   Reservoir  quality  is  dependent  on  matrix

permeability.    High  porosity  occurs  in  many  lithotypes
but  high  matrix  permeability  is  confined  to  Lithotype  4C

(echinoderm/bryozoan  dolopackstone/grainstone).     Three

factors  are  critical  in  the  development  of  permeable

reservoir  rock:   1)   grain-supported  depositional  fabric,

2)   pervasive  but  incomplete  dolomitization,   and  3)

dissolution  of  undolomitized  calcite.     In  dolomitized

rocks  with  no  residual  calcite,  permeability  is
correlated  to  the  pore-throat  size  distribution.    Pore-
throat  size  is  related  to  the  degree  of  dolomitization
and  the  resulting  geometry  of  the  pore-throat  network.

Dolomitization  in  grain-supported  rocks  which  progresses

beyond  the  point  of  crystal  interference  results  in  the
reduction  of  pore-throat  sizes  and  permeability.

Presence  of  undissolved  calcite,   as  skeletal  grains  or
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cement,  or  substantial  dolomitized  mud  is  associated

with  low  permeability.    The  highest  permeability

reservoir  resulted  from  dolomitization  of  cemented

grainstones  and  the  dissolution  of  undolomitized
calcite,

7)  The  reservoir  is  segregated  into  stacked,

horizontal  flow  units  within  which  fluid  flow  is  largely

confined.     The  distribution  of  permeable  rock  mimics  the

distribution  of  Lithotype  4C,   and  therefore  mimics  the

parasequence  architecture.    High  permeability  is
conf ined  to  the  grain-supported  portions  of  each

parasequence.     The  permeable  layers  are  separated  by
thin,   restricted  dolomudstone  caps  at  the  top  of  each

parasequence  which  provide  barriers  to  vertical  f luid
movement.    Vertical  fractures  in  the  confining  layers

may  allow  some  degree  of  fluid  and  pressure

communication  between  flow  units.

8)   Fluid  production  correlates  quantitatively
with  matrix  permeability  development.     The  majority  of

cored  wells  have  produced  a  volume  of  reservoir  f luids

in  proportion  to  the  quantitative  development  of

permeability  within  perforated  flow  units.     In  wells
with  low  permeability  in  perforated  flow  units,  open

vertical  fractures  in  close  proximity  to  the  wellbore
which  are  in  communication  with  permeable,  water-bearing

strata  are  likely  to  cause  anomalously  high  water
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production.     In  wells  with  relatively  high  permeability
in  perforated  flow  units,  anomalously  high  oil  and  water

production  nay  be  caused  by  leakage  of  externally
derived  f luids  into  producing  f low  units  along  f racture
trends,   leading  to  more  efficient  recharge  and  sweep  of

the  affected  flow  units.

9)   Significant  primary  recoverable  reserves  are
likely  to  remain  in  unperforated  flow  units.     In  cored
wells  alone,   up  to  175,000  incremental  barrels  of  oil

may  be  available.     Additional  primary  recoverable  oil  is

likely  to  remain  in  unperforated  flow  units  in  as  many

as  five  wells  which  were  not  cored,  but  quantitative

estimates  are  not  possible  to  make  based  on  available

data .
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APPENDIX  A

CORE   DESCRIFTIONS

Cores  from  eighteen  Bindley  Field  wells  were

examined.     Twelve  cores  were  loaned  by  the  Kansas

Geological  Survey  and  six  cores  were  provided  by  Conoco,

Inc.     All  cores  were  examined  with  binocular  microscope,

and  the  majority  of  core  pieces  were  etched  in  10%  Hcl

to  accentuate  dolomite  and  grain  textures.    Thin

sections  were  prepared  from  selected  samples  to  further

characterize  rock  types.

All  core  descriptions  were  logged  on  a  form

modified  from  that  of  Bebout  and  Loucks   (1984) .     The

principal  modifications  include  1)   the  addition  of  new
structure  symbols,   2)   the  replacement  of  the  "crystal

shape"  column  with  an  ''oil  stain''  column,   and  3)

modification  of  the  ''fossil"  symbology  to  reflect  moldic

and  non-moldic  skeletal  preservation.    A  key  to  the

symbols  used  in  logging  Bindley  Field  cores  is  provided

on  the  following  page.     Refer  to  Appendix  8  for

correlation  of  core  properties  to  gamma-ray  log

signatures .
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APPENDIX   8

CORE   PROPERTIES/I-OG   CORREIATIONS

Core  properties  are  correlated  to  gamma-ray  log

character  for  each  core  for  which  a  gamma-ray  log  and

porosity  and  permeability  data  are  available.     Each
figure  contains,   from  left  to  right,  gamma-ray  curve,

depth,  sedimentary  structures,  lithotype,  core  porosity,
and  core  permeability.     The  gamma-ray  curves  are  from

open-hole  logs  unless  otherwise  stipulated.     Gamma-ray

log  depths  have  been  adjusted  to  conform  to  core  depth.

Sedimentary  structures  and  lithotypes  are

derived  from  the  core  descriptions   (Appendix  A) .     Only

those  structures  which  are  useful  in  distinguishing

lithotypes  and  stratigraphic  boundaries  are  included.

Refer  to  Appendix  A  for  the  key  to  structure  symbols.

Porosity  and  permeability  data  are  from  whole-

core  analyses  collected  immediately  after  each  core  was

cut.     The  maximum  directional,  horizontal  permeability

(kmax)   is  indicated  by  the  dashed  lines.     The  horizontal

permeability  at  right  angles  to  the  direction  of  maximum

Permeability   (kgo)   is  represented  by  solid  black.     Wide
variation  between  the  two  measurements  is  inclicative  of

fractures .
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No  figure  is  included  for  the  Beardmore  oil  #1

Shelton   (SE/4  SE/4,   28-T21S-R24W)   due  to  the  fact  that

no  log  was  run  in  the  well  and  no  porosity  and

permeability  analyses  were  collected.
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APPENDIX   C

CAPILIARY   PRESSURE   DATA

Twelve  cylindrical  plugs  were  taken  from  Bindley

Field  cores  for  mercury  intrusion/extrusion  analysis.
Samples  were  selected  to  represent  Lithotypes  28,   48,

and  4C,   and  to  represent  Meramec  2D  and  2E  reservoir

zones  in  a  transect  perpendicular  to  the  long  axis  of

the  field.     Eight  samples  underwent  intrusion   (drainage)

analysis  only   (Samples   1,3,5,6,7,8,11,12).     The

remaining  four  samples   (Samples  2,4,9,10)   underwent

intrusion   (drainage)   and  extrusion  (imbibition)

analysis.     The  origin  and  lithotype  of  each  sample  are

given  on  the  following  page.
Sample  plugs  ranged  in  size  from  1-1.25  inches

in  diameter  and  were  trimmed  to  form  right  cylinders  of

approximately  2  inches  in  length.     Samples  were  cleaned

by  cycle  flushing  with  chloroform-methanol  azeotrope  and

toluene.     One  sample   (Sample  #8)   retained  some

hydrocarbon  after  cleaning.     All  samples  were  oven-dried

at  240  degrees  Fahrenheit.

Porosity  was  determined  by  Boyle's  Law.

Permeability  to  helium  was  measured,  mathematically
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corrected  to  air  as  the  fluid  medium,  and  reported  as

permeability  to  air.

CAPILIARY   PRESSURE   SAMPLE   IDENTIFICATION

Well/Samole  #         Depth   Interval

*3  Bindl®y
NE  NE,   33-218-24W

1                          4608.7'        M2-D

*1  Deutsch
RE   BE,    33-21S-24W

4627.7'        M2-E
4630.9'        M2-E
4635.4'        M2-D

LithotvDe   Comments

28           Mudstone

4C
4C     Skel.   calcite
4C

*5  Deutsch
SW   SE,   33-218-24W

5                          4664.1'        M2-E
6                          4673.0'        M2-D

*1  gmith
SW   NW,    34-218-24W

7                          4659.1'        M2-A

#3  Deutsch
NW   8W,    34-218-24W

4647.5'        M2-F
4657.1'        M2-E
4665.9'        M2-D

*6  Deutsch
SW   SW,    34-21g-24W

11                        4655.5'       M2-E
12                         4663.1'        M2-D

4C
4C          Packstone

4C     Calcite  cement

48         Wackestone
4C
4C

4C                Max.    k
4C

Following  air  evacuation,  mercury  was  intruded

and  extruded  in  23  pressure  increments  ranging  from

0  psia  to  2,000  psia.     Results  for  each  sample  are

reported  in  the  following  pages  in  tabular  and  three

graphic  forms;   1)   injection  pressure  vs.  mercury
saturation,   2)  pore  aperture  radius  vs.  mercury

saturation,   and  3)   pore  print   (pore  aperture  histogram) .
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For  samples  which  underwent  mercury  intrusion  and

extrusion,  the  recovery  efficiency  was  calculated  and  is
stated  in  the  tabular  data  which  follows.
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t .. tL I-` i.   i Ji  i. a, £i / .`-:  L`.. : -. . ; .  r_ .

October  17,   1990

Attention:     Reed  A.   Johnson

Subject:     Special  Core  Analysis  Study
oasis  Wells'Bindley  Field
Hodgeman  County,   Kansas
File:      57183-90110

Gentlemen:

In   a   letter  dated  August   31,    1990   Reed  A.   Johnson  requested   the
Special   Core  Analysis   Laboratory  of  Core  laboratories  to  perform
Mercury  Injection  Capillary   Pressure  tests  on  core  material   i ron
several   vells   in   the   Bindley   field.      These   analyses   represent
thesis  research  at  the  University  of  Colorado.     The  final  results
are  reported  herein.

Twelve    plug    saLmples    were    submitted    to    the    Core    Laboratories
facility   in   Tulsa   for   analyses.     Upon  arrival,   the   samples   were
trimmed   to   create   right   cylinders   suitable    for   testing.       The
samples    were    clearied    by    cycle    flushing    a    chlorofom`-methanol
azeotrope     and     toluene     through     each     sample.           Drying     was
accomplished   in   an   oven   at   240   degrees   Fahrenheit.      One   sample
(No.   8)   was  not  of  sufficient  permeability  to  solvent  clean  using
conventional   techniques.       More   expensive   cleaning   protocol   was
not   authorized   due   to   budgetary   limitations.      Sample   No.    8   was
dried   at   240.F   after   limited   solvent   cleaning.      Therefore,    non
volatile   contaminants   may   still    exist    in    the   sample.       Perme-
ability   to   air   and   Boyle's   I.aw   porosity   were   then   determined.
Pemeability  and  porosity  values  are  presented  in  tabular  form  on
Page  1  and  graphically  on  Page  2.

Following   permeability   and   porosity   deterninations,    each   sample
was   placed   in   a  mercury   injection   cell   and   evacuated.      The   core
sample  Was  injected  with  mercury  at  pressures  ranging  from  0  psia
to   2000   psia    (drainage   cycle).       Four   sali`ples   were   selected   to
continue   with   injection    (imbibition   cycle)    from   2000   psia   to   0
psia.         The    volumes    of    mercury    injected    were    recorded    as    a
function  of  pressure.     Mercury  injection  and  pore  size
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Attn:     Reed  A.   Johnson
File:      57183-90110
Page  TWO

distribution  data   are   presented   in  tabular   form  and   in   graphic
form,   With  Pore  Print  included,   on  Pages   3  through  46.

Pore  aperture  radius  is  calculated  using  the  following  equation:

RiE 2      x   c]   x   cos  0

Pc

where,   Ri    =    average  pore  entry  radius,   microns
Pc    =    capillary  pressure,   psi
a     =     interracial  tension    =    480  dynes/cm
0      I    contact  angle    =  140  degrees

Rearrangirlg  the  terms   in  the  above  equation  ar`d  multiplying  by  a
series   of  unit   conversion   factors   results   in   an   expression   for
pore  entry  radius:

Ri,   microns     I 106 . 4 3

Pc

Data    for    the    2000-0    psia    (imbibition)    cycle    of    Sample    No.    4
should    be    used    with    caution.         Comparing    gravimetric    versus
volumetric    saturations    at    the    conclusion    of    the    test    yield
anomalous  results.     There  mere  no  observations  as  to  the  cause  of
this  variation.

It  has  been  a  pleasure  working  with  the  University  of  Coloradc)  in
performing  this  study.     If  there  are  any  questions  concerning  the
test   procedures   or   the   results   reported,   please   contact   me   at
(918)    664-9071.

Sincerely,

Core  laboratories,   a  Division  of
WESTERN   ATIAS   INTERNATIONAL

'`!!!cirI.i,#!-e`r-

Xanager
Special  Services

HLB : MR : reh
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Page    .   1       of`       46

File      5718340110

zE-En" to lm, ©fi
Ctrrpany:               thi`iersity of Colorado at Enilder
Fomaticm :            Dolcmite
Cninty,  State:    f]crtyenan,  ransas

Sample
Iderfeificaticti             DetTh.  feet

casis ro.  3  Bindley flell
1

ctsis too

aeis ro,

Dt- "1

-"1
oasis ro.  I aBith Well

7

Oasis lb.  3 Dcutgch tell
8*
9

10

Oasis  ro.  6  Deutsch I.ell
11
12

-ility
to Air,

rillidape

4608.7                                   0.014

4627.7                                234
4630.9                                     4.7
4635. 4                                  40

4664.1                                    1.5
4673.0                                    3.2

4659.1                                   0.15

4647.5                                  0.Oil
4657.I                             123
4665.9                                 32

4655.5
4663 .1

tiell:      As specified
Field:    Birmey

rt-ity,ce-t

*Salrple may pesibly still  rdain sat`e residual  ocrfeamination.

Grain-ity,
q/co

11.0                               2.81

25.3                                2.84
10.9                              2.72
18.8                                2.83

17.0                               2.86
17.4                               2.85

9.4                                2.82

8.0                              2.87
23.4                               2.86
25.3                               2.81

26.2                                2.83
21.1                                2.78



245

Permeability vs Porosity

uNivERsrTy  OF  COLORADO  AT  BOULDER
SEVERAL  WELLS
BINDLEY  FIELD
HODGEMAN   COUNTY,  KANSAS

1]:

Do

'`'''.`'.''.''''.''''.''?0`.....''.....''`''''':

D...........`,.......................

` . . ` . ` .. .` .` `.` `,` ``-..?,, -.. .`` ``.`.

I;•..........,....'..................

• ... . .. . -. -.. . ... .. .. .,. ...... ... .. .
::::::::::±:::::::::::::::::::::::

ion:

0                        a. t                      0.2                      0£                      0..                     a.5

Poroalty. frtpcth

Core  Laboratories
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rage       3      of.      46

rile      57183-9ollo

CIN t" REst]Ias

tiiell:       Oasis  No.   3  Bindley
Field:    Birmey

Ctryany:               University of colorado at  Ehilder
Formation :            Iblcnite
Cnmty,  State:    Hcxftyeman,  fansas

Saple Iderltificaticm:
qu, feet:
PerTneability to Air,  nd:forceity, -t:

1
4608.7

0 . 014
11.0
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Injection Pressure vs  Mercury Saturat.ion
UNNIRSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:
OASIS   NO.   3   BINDLEY  WELL
BINDLEY  FIELD
HODCEMAN   COUNTY.   KANSAS

¢A

2000   loo

'eoo     cO

1600      cO

SAMPLE  DEP".  feet:          4608.7
PERMEABILITY  TO  AIR.   md:   0.014
POROsrTY,  percent:

AO

11.0

cO20

200     '0

loo       00        eo        70        cO        sO        cO        sO        20        I o         a

u.rcury Soturotion. p.rc.nt per. .poe.

'.S    a.075

2.a    a.too

3.a   a.'50

t.a    a.ZOO

5.a    a.250

7.S    0.S75

I a       0.500

28       9:aso
cO        2.00

Core  Laboratories
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Pqu      S     Of     as
Fin        571 fLLmi 1 a

Pore Aperture Radius vs Mercury Saturation

uNrvERsrTT  OF  COLORADO  AT  BouLDEF{      SAMPLE  ID:                                                 1
OASIS  NO.  3  BINDl£Y  WELL
BINDLEY  FIELD
HODCEMAN   COUNTY,  KANSAS

Ice.a
70.a

a.ae

a.'0
a.07

a.04

a.02

a.0'

SAMPLE  DEPTH,  feet:           4608.7
PERMEABILITY  TO  AIR,   md:   0.014
POROsrrY.  percent:                     11.0

i.-..-....... -.. . . . . . . . . . .:..........i

I,Li=
•..i.........

a                      2o                     ro                     co                     eo                    1 oo

LJ.rc`ny Sofuredon.  p.rcont per. .pac.

Core  Laboratories
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p I r  6  a i~us~
FP.       =7i i]-gal 1 a

PORE  PRINT

Pore  Space  Controlled by Pore  Apertures
UNrvERsrTy  oF  coLORADo  AT  BouLDER     SAMPLE  ID:
OASIS  NO.  3  BINDLEY  WELL                                  DEPTH.  feet:
BINDIEY  PIELD                                                                   AIR  PERMEABILITY,  md:
HODGEMAN  COUNTY.  KANSAS                              POROsnY.  percent:

1

4608.7
0.014

11.0

42.

Pressvro  Range
•§ a •?ev

a-..i;,p§tq..:i;...=,..:=..=-a...:tl..i::...3...:il..a...§..?.?.a.a.£

I     I     I     I     I     I     '     I     I     I     I     I     I     I     I    i,J,i++dLttl

* # = : : : 3 I = :. # : : = =. q r! q i i a q e q  a
Pore ^p.Ifur.  Rodiua Range  rricr®ne                                        V

Core  Laboratories
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CC3F}E  LABC3RATC3F3lES

8-RI aF - mEfi
Ctryany:              thiversity of cblorado at Ebilder
Fbrmaticm :             Dolcmite
Cnmty,  State:    ELxtryn,  Kansas

23

InjectionFtt2-,
asia

Saxple  lderleification:
Dqu,  ftct:
Permeability to Air,  nd:
Ft]rceity,  Fx©t:

EbreAFX-
REius,
mic-ts

250

Page      7      of      46

File       57183noo11o

Well:      oasis  No.   1  rmitsch
F`ieid:    Ermey

4627.7                         4630.9                         4635.4
234                                      4.7                               40

25.3                              10.9                              18.8
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fDMARr cD NEBcmr  n5Eici

CCxpany:               thivelsity of colcmdo at  Bciilder
Ffomaticm :           tolcnite
Chinty,  State:    IIcxtryan,  ransas

2
4627.7

234

InjectionFt-,
asia

Saxple  IdezTtificaticm:
DEpth,   feet:
Permeability to Air,  nd:Percsity, pe-:

Ftne
AprH-
Fdius,
micru`s

251

PageLI   Of-
rile      57i83ngt)Ilo

Well:       oasis  No.   1  1leutsch
Field:    Birmey

4630.9                         4635.4
4.7                              40

25.3                              10.9                              18.8
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Injection Pressure vs  Mercury Saturation
UNrvERsrry  oF  COLORADO  AT  BouiDER     SAMPLE  ID:                                              2
OASIS   NO.   1   DEUTSCH  WELL
BINDLEY  FIELD
HODGEMAN  COUNTY.   KANSAS

¢A

2000    loo

'eoo    ae

16cO      cO

cO20

2cO      10

SAMPLE  DEPTH.  feet:           4627.7
PERMEABILITY  TO  AIR,   md:       234
POROsrTY.  percent:                    25.3

4¢

I

A

iiiiiiiiiiiiiiii_
1 co      co       eo       7o       co       so       ro       so       ae       I a        o

W.rcury Soturotion.  p.reent pore apace

15   0.075

2.a   a.'cO

3.0    a.150

4.a   0.200

5.0   a.250

7.5    0.S75
10       a.500

2S      %80
ro       2.00

Core  Laboratories
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PORE  PRINT

Pore  Space  Controlled by Pore  Apertures
uNIVERsrTy  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS  NO.1   DEUTSCH  WELL                              DEP",  feet:                              4627.7
BINELEy  FIEro                                                                AIR  PERMEABILrTy,  md:               234
HODGEMAN   COUNTY.   KANSAS                               POROSITY,   percent:                      25.3

20.1

~ `® •® •+ev I?
rcssu[e     onge

g;.gi.!i.?I ;  !I :..?,p:!.¥_....._.?® a N ~r)
I      I     I      I      I      I     I     I      I      I      I      I      I     I     I    i,   I)   i   +   i   i   rl   t   i,     I

* # : : : I 3 I : = =  : : = I fw o! i i q q q c!  3
Pore ^perturo  Rediu.  Rang..  microns                                         V

Core  Laboratories
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Injection  Pressure  vs  Mercury  SaturaLtion
UNIVERsrTy  oF  COLORADO  AT  BoULDER      SAMPLE  ID:                                                 3
oAsis  No.   1   DEurscH  WELL
BINDLEY   FIELD
HODGEMAN   COUNTY.   KANSAS

04

2000    loo

'800     00

'600     80

ZOO       '0

SAMPLE  DEPTH.  feet:           4630.9
PERMEABILITY  TO  AIR,   md:         4.7
POROsllY.  percent:                     10.9

4¢

loo       ®0         80         70         cO         cO         cO         sO         20         10          a

W.rcury  Saturat..on.  p.rcont  par.  .poc.

1.5    a.07S

2.a    a.loo

5.0    a.'SO

4.0    a.ZOO

5.0    a.250

7.5    a.375
I a        O.S00

i8      %80
40        2.00

Core  Laboratories
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Pore Aperture  Radius vs Mercury Saturation

UNIVERsnT  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS   NO.   1    DEUTSCH  WELL
BINDLEY  FIELD
HODCEMAN  cour\mr.  KANSAs

SAMPLE  DEP",  feet:          4630.9
PERMEABILITY  TO  AIR,   md:         4.7
POROsrlY,  percent:                     10.9

.''..'.'.'€
'.....-....

I

..-......-

a                       2o                      ro                      co                      eo                     1 oo

W.rcury Saturation.  p.rc.nt por.  .poc.

Core  Laboratories
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par      i4     Of     ,£',A
Fi.       HiA3-oni io

PofiE  PRINT

Pore  Space  Controlled  by Pore Apertures
UNIVERSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:
OASIS   NO.   1   DEUTSCH  WELL                                DEPTH,  feet:
BINDLEY  FIELD                                                                      AIR   PERMEABILrTY,   md:
HODGEMAN  COUNTY.  KANSAS                               POROsrrY.  percent:

3
4650.9

4.7
10.9

Prcssvre  Rongc

a 8N aa..'inp§tq..a...=..=..=..a...=..£. a a 3¥lel       =1     lc`
I       111111       I       '       11111       I      J)J,i+|dLtJ,      I

R  #  :  S:  :  :  =  i  =  :  =  £  :  =  I  I:  r2  q  i  ..  C:  Q  q  C:  5
Par.  ^p.rtur.  Rodiu-Rono..  microns                                        V

Core  Laboratories
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Injection Pressure vs Mercury SaLturation
UNIVERSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:                                                   4
OASIS  NO.   1   DEUTSCH  WELL
BINDLEY  FIELD
HODCEhIAN   COUNTY,   KANSAS

A

2000    loo

]eco     cO

i6oo     eo

cO20

ae10

SAMPLE  DEP",  feet:          4635.4
PEF"EABILTTY  TO  AIR,   md:          40
POROsllY,  percent:                     18.8

40

I

I

1 cO       cO         cO        70         cO        sO        cO        sO         20         10          0

Ll.reury SatLm6on. p.rc.nt per. .poe.

1.5    a.075

2.a    0.loo

3.a    a.'50

4.a    0.ZOO

5.0    a.250

7.5    a.375
10        a.500

!8       9:380
cO        2. 00

Core  Laboratories
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Page       18     ofL      46

File      57183-90110

in.nHr Or idmc"r I]gECT

Cxpany:              thi`rersity of cblorado at Boulder
Ft)rmation :            Dolcnite
county,  State:    Hcxtoan,  kansas

InjecticmFT-,
rsia

Saxple  ldeTTtification :
Dgiv,  fed:
Pemeability to Air,  nd:
Fortsity, per±:

PoreApe-
Radius,
nicrms                              lferc

35.5
17.7
11.8
8.87
7.09
5.91
5.07
4.44
3.94
3.55
2.66
I.77
1.33
1.06

.532

.355

.213

.142

.106

.085

.071

.061

.053

well:      Casis  No.  5  beutsch
Field:    BirKney

4664.1                         4673.0
1.5                                  3.2

17.0                             17.4
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P o q u   1 9  a i~46~
in.       57im-aei io

hjectioD Pressure vs Mercury Saturation
UNIVERsllY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:                                                 5
OASIS  NO.  5  DEUTSCH  WELL                                SAMPLE  DEPTH,  feet:            4664.1
BINDLEY  FIELD                                                                      PERMEABILrTY  TO  AIR.   md:          1.5
HODCEMAN  COUNTY,   KANSAS                               POROsrTY,   percent:                       17.0

W®rcury  Sofurotion,  p.rc.rit  por.  .pace

AO

I.S    a.075

2.a   a.leo

3.a    a.150

+.0   a.200

5.a   a.250

7.5    a.375
I 0        0.500

i8      %80
40        2.00

Core  Laboratories
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Pore Aperture  Radius vs Mercury Saturation

UNrvERsnT  OF  COLORADO  AT  BouLDER      SAMPLE  ID:                                               5
OASIS  NO.  5  DEUTSCH  WELL                              SAMPLE  DEP",  feet:           4664.1
BINDLEY   FIELD                                                                       PERMEABILITY  TO  AIR.   md:          1.5
HODCEMAN  COUNTY.  KANSAS                              POROsnY.   percent:                      17.0

too.0

70.a

a.20

a.10

a.07

a.04

a.02

a.0'

-

-

I

a                          20                        cO                        cO                        cO                        loo

u.rcury Saturutiori.  p.ro.nt por. .pace

Core  Lat}oratories
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PORE  PRINT

Pore  Space  Controlled by Pore  Apertures
UNlvERsrTy  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS   NO.   5   DEUTSCH  WELL                                DEPTH,   feet:
BINDLEy  FIELD                                                                      AIR   PERMEABILrTY.   md:
HODGEMAN  COUNrv,   KAI\lsAS                              POROsrTY,   percent:

5
4664.1

1.5
17.0

22.9

rcssurc    ongc
'8 '8 '0eD

§' §' ?  ?  .-  al  ,1?6...Pip§bq..6,...=..=..=..a..a..a...g a aOu

t     I      I      I      I      I      I      I      I      I      I       I      I      I      I     I,    A    J-    +    I.     I     i    i    J,     I
Z  #  :  9!  =  I  =  =  =  %  £  a  :  =  =  V2  I?  tt  i  i  8.  q  C!  e  3

Por.  ^p.rtLJr®  Rodiu.  Rono.,  micron.                                          V

-   Core  Laboratories
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Pore Aperture  Radius vs Mercury Saturation

UNIVERsmr  oF  COLORADO  AT  BouLDER      SAMPLE  ID:                                               6
OASIS  NO.  5  DEUTSCH  WELL                               SAMPLE  DEPTH.  feet:            4673.0
BINDLEY  FIELD                                                                    PERMEABILnY  TO  AIR.   md:         3.2
HODCEMAN  COUNTY.   KANSAS                               POROsrTY,   percent:                      17.4

loo.a
70.a

020

a.'0
0.07

a.04

a.02

a.0'

:..........(:'''`'''''':

I

a                          20                         cO                         cO                         80                        1 cO

Il.rci.ry SchJrotion.  p.roer.I pore .pac.

Core  Laboratories
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PO,.       2+     a,      4G
Fp      »i  I_miia

PORE  PRINT

Pore  Space  Controlled by Pore  Apertures
UNIVERsm`  oF  coLORADo  AT  BouLDER      SAMPLE  ID:
OASIS  NO.  5  DEUTSCH  WELL                              DEP",  feet:
BINDLEY   FIELD                                                                      AIR   PERMEABILITY.   md:
HODCEMAN  COUNTY.  KANSAS                              POROsrTY,  percent:

6
4673.0

3.2
17.4

:r-e;ps§!o=a..::i;..: ~N ttl '8 'g '8 '8 '8ev
S
I---d ® 0 g   i   ''`,'`!,  ''.I'i

i)    I      I      I     I     I     I     I     I      I      I      I     I     I      I    +   i,   i   +   i    I    i   t   J,    I
*  #  :  S!  =  I  a  =  =.  =  =  a  :  =  I  r!  r!  qu  i  -.  ?  q  a.  a  5

Pore ^p.itiir. Rodiu.  Rofig.,  microns                                       V

Core  Laboratories
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Exp     25   OfLLe

File       57183-90110

CN tEFT

iiieli:      cbsis  Nci.   1  fuith
F`ield:    Not apified

7
4659.1

"nRT Or ©RT INExl

tryany:              thiversity of cblorado at EnilderFfo"tion :         tolcnite
ccrty,  state:    ItryEman,  ransas

Saxple  Iderrtification:
Depth,  feat:
Permeability  to Air,  nd:            0.15
forcsity,  percent:                        9. 4

I
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Injection  Pressure vs  Mercury Saturation
UNIVERSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:
OASIS  NO.   1   SMl"  WELL
BINDLEY   FIELD
HODGEMAI\l  COuNtt,  KANSAS

OA

2cOO    loo

'8cO     90

'600     cO

SAMPLE  DEP".  feet:           4659.1
PERMEABILmr  TO  AIR.   md:      0.15
POROsrTY,  percent:

AO

9.4

ae20

ZOO        10

1 co       00        eo        70        60        sO        cO        cO        20         I a         a

Mercury Saturation.  p.rc.nt per.  .pac.

15   a.075

2.0    a.loo

3.0    a.150

.a    0.ZOO

5.0    a.250

7.5    0.375
I 0       a.500

!8       9:380
cO        2.00

Core  Laboratories
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Pore Aperture  Radius vs Mercury Saturation

UNrvERsrry  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS   NO.   1    SMITH   WELL
BINDLEY  FIELD
HODGEMAN   COUNTY.   KANSAS

1 00.0

70.0

0.20

a.10

0.07

a.04

a.02

a.0'

SAMPLE  DEPTH,  feet:           4659.1
PERMEABILJIY  TO  AIR.   md:      0.15
POROsrTY.  percent:                        9.4

:..........,........'.

0                          20                         40                         cO                         80                        1 cO

W.rcury Sotura6on.  p.ro.nt  pore .poe.

Core  Laboratories
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rty    ae    dJ   «
Fho       "1 -`-Oo" a

PORE  PRINT

Pore  Space  Controlled  by Pore  Ap`ertures
UNNIRstTY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:
OASIS   NO.   1   SMITH   WELL
BINDLEY  FIELD
HODCEMAN  cOuNrv,  KANSAs

DEPTH.  feet:                               4659.1
AIR   PERMEABILrrY,   md:              0.15
POROsllY.  percent:                       9.4

Press¥ro  Range

aq r`
•§ •! 'i6..-*Rsta..a...¥..:'.!'.a...£..a...a...S...8...8..?

I     I     I     I     I      I     I     I     I     I      I     I      I     11    JJ'|+LdLtJ' Ir'r)C'

*  S  =  =  =  I  =  I  =  =  =.  a  I.  I  I  q  I?  q  i  i  e  c,.  q  q
Poe ^p.rtur.  Rodiu.  Ronq..  micron.                                       V

Core  Laboratories



272

CC)BE  LAEC}F3ATC)RIE§

mmmr or imcmr IioBcmcIN

Cxpany:              utversity of colorado at Bclnder
Fc>rmtion :             Dolcmite
camty,  State:    Hedgenn,  Kansas

8
4647.5
0.Oil

8.0

InjectionEt-,
asia

Sample Idatification :
depth,  feet:
Pemeability to Air,  nd:Porsity, pe-:

Ebre
Apertue
Fadius,
micr"1S

Page   29  of~
File      5718340110

Well:      casis  No.   3  DEaitsch
Field:    Birmey

910
4657.1                        4665.9

123                                     32
23.4                               25.3



CC}F3E LABC)PATOPIES

CBtpariy:               tiniversity of colorado at  Znilder
Fomaticm :            holcmite
Cnmty,  State:    Hedgenan,  Kansas

Saxple  Ideutificaticm:
Depth,  feet:
Permeability to Air,  rd:
R]resitry,  pe±:

rote
Inj ection          Apertlne
fresshire ,            Raciius ,

trsia                 microns

8
4647.5
0.Oil

8.0

273
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rile      57183-9011o

I.ell:      Casis  No.  3  mitsch
Field:    Birmey

9
4657 .1

123
23.4

10
4665 . 9

32
25.3
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InjectioD Pressure vs  Mercury Sat,uration
UNIVERsrTy  oF  coLORADo  AT  BouLDER      SAMPLE  ID:
OASIS  NO.   3  DEUTSCH  WELL
BINDLJY  FIELD
HODCEMAN  COUNTY,   KANSAS

¢4
2000   too

'eoo     cO

cO20

ZOO       '0

SAMPLE  DEPTH,  feet:           4647.5
PEF"EABILITY  TO  AIR.  md:  0.011
POROSITY,  percent:

I oo       90        eo        70        cO        sO        cO        sO        20        I a         a

Llerci.ry Soturotion.  percent por.  .pace

A¢

'5   a.075

2.a   a.loo

8.0

3.a   a.'sO

4.a    a.ZOO

5.0    0.250

7.5    0.375
10       a.coo

28      ?:RT
ro       2.00

Core  Laboratories
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Pore Aperture  Radius vs Mercury Saturation

uNIVERsllY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:                                                8
OASIS   NO.   3  DEUTSCH  WELL
BINDLEY  FIELD
HODCEMAN   COUNTY,   KANSAS

1 00.a

70.a

SAMPLE  DEPTH,  feet:           4647.5
PERMEABILITY  TO  AIR,   md:   0.011
POROSITY.  percent:                        8.0
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W.rc`iry Soturotlon.  p.rc.nt par. .pac.
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PORE  PRINT

Pore  Space  Controlled by Pore Apertures
UNIVERsmr  oF  coLORADo  AT  BouLDEFi      SAMPLE  ID:
OASIS  NO.  3  DEUTSCH  WEl.L                              DEPTH.  feet:
B]NDIEY  FIELJ)                                                                   AIR   PERMEABILTTY,   md:
HODGEMAN  COUNTY,  KANSAS                             POFiosllY,  percent:

8
4647.5

0.011
8.0

44.8

Presuro  F`onoc

8r' =
•§ •! •§~
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5 a : : :  I =  : =  i  = a =  :  I  q  r>. e!  i  i i e C! q  8
Per. ^p.rtui-Ftodiu Rono..  rricron.                                     v
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Injection Pressure vs Mercury Saturation
uNlvERsrry  oF  coLORADo  AT  BouLDER     SAIuipLE  iD:
OASIS  NO.   3  DEurTSCH  WELL
BINDLEY  FIELD
HODCEMAN   COUNTY,   KANSAS

A

2000    loo

'eoo     cO

'eoo     80

ae20

2cO      I a

SAMPLE  DEP".  feet:          4657.1
PERMEABILITY  TO  AIR.   md:        123
POROsrTY.  percent:

•.

iii=Iiii
loo       90        cO        70        cO        sO        cO        sO        20         10         a

Wcrcury Satura6on+  p.ro.nt per. apao.

4¢

23.4

tj   a.07S

2.0   a.loo

3.a    a.1sO

4.0    0.ZOO

5.a    a.250

7.S    a.375
10        a.500

as      %80
cO        2.00
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Pore Aperture  Radius vs  Mercury Saturation

UNIVERSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:                                                  9
OASIS  NO.  3  DEIJTSCH  WELL                                SAMPLE  DEPTll.  feet:            4657.1
BINDLEY  FIELD                                                                   PERMEABILllY  TO  AtR.   md:        123
HODOEMAN  CouhrTY,  KANSAS                              POROSITY.   percent:                      23.4

loo.0
70.a

'.......-..i;.....-....I'...-.-....:::
- - -

a                        20                       cO                        cO                       80                       loo

LI.rcury Saturation.  peroent  per.  .pace

Core  Laboratories
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roRE  pFtlNT
Pore  Space  Controlled by Pore Apertures

UNnn=RsrTy  oF  COLORADo  AT  BouLDER      SAMPLE  ID:
OASIS  NO.  3  DEUTSCH  WELL                             DEP".  feet:
BINDLEY  FtELD                                                                  AIR  PEF"E^BILrTY.   md:
HODGEMAN  Cout\mr,  KANSAS                             POROsrTY.  percent:

9
4657.1

123
23.4

~ ® `® ~ •+cO '8 `8 `8 ..a®9
ressure     ong
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Per. ^p.ftiJre  Rodin  Rang..  microns                                       V
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Injection Pressure  vs  Mercury SaLturation
UNIVERsrTT  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS   NO.   3  DEUTSCH  WELL
BINDLEY  PIELD
HODGEMAN   COUNTY,   KANSAS

¢4
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'000     90
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un20

200      10

10
SAMPLE  DEP".  feet:          4665.9
PERMEABILITY  TO  AIR,   md:          32
POROSITY,  percent:                     25.3
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W.rcury  Satuntion,  p.rccnt por.  apoc.
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Pore Aperture  Radius vs Mercury Saturation

UNIVERSITY  OF  COLORADO  AT  BOULDER      SAMPLE  ID:                                                10
OASIS  NO.  3  DEUTSCH  WELL                               SAMPLE  DEPTH,  feet:           4665.9
BINDLEY  FIELD                                                                     PERMEABILITY  TO  AIR.   md:           32
HODGEMAN  COUNTY.  I<ANSAS                               POROsrrY,   percent:                      25.3
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PORE  PRINT

Pore  Space  Controlled by Pore Apertures
uNIVERsrTy  oF  coLORADo  AT  BouLDER      SAMPLE  iD:
OASIS  NO.  3  DEUTSCH  WELL                             DEP",  feet:
BINDLEY  FIELD                                                                     AIR   PERMEABILITY,   md:
HODCEMAN  COUNTY.  KANSAS                               POROsrTY,  percent:

10
4665.9

32
25.5
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Pore Ap.rtur.  Radico  Rang..  micron.                                        V
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Cxpany:               thiversity of colorado at  Ek]ulder
Formaticm :           tolcnite
Courty,  State:    Hcxtoari,  RArtsas

11
4655.5

461
26.2

InjectionPr-,
peia

Saxple  Identificaticm:
Depth'  feet:
Permeability to Air,  nd:
Forcsity, pe±:

EbreAEX-
Fdius,
microns                                 ifert
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well:      cfasis No.  6  rmitsch
Field:    Birmey
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PORE  PRINT

Pore  Space  Controlled  by Pore Apertures
UNIVERsrTT  oF  CoLORADo  AT  BouLDER      SAMPLE  ID:
OASIS  NO.   6  DEUTSCH  WELL                                DEPTH,  feet:
BINDLEy  FIELD                                                                      AIF3   PERMEABILrT¥,   md:
HODGEMAI\I  COUNTY.   KANSAS                               POROsnY,  percent:

12
4663.1

142
21.1

W 0 0 'tOu `£'  'S' £
Pressvrc  Rangg£1!fs';a.I.....,..i
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Pore  ^p.rture  Rodiu.  Range.  microns                                        V

Core  Laboratories
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