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ABSTRACT

A    knowledge    of   lithofacies    and    their    diagenetic    modifications    and

petrophysical  properties  is  essential to  successful exploration  end  enhanced oil

recovery.    Five  general  lithofacies comprise  the  bult  of  eight  cores  from  the

Keamy  Formation.    Lithofacies  A  is  a  glauconitic,  fossiliferous,  cross-bedded

sandstone,  which  occurs  in  the  lower  part  of  the  Kearny.    Oil  production  has

come  from  hithofacies  8,  C,  and  D.     Lithofacies  a  of  the  upper  Keamy  is  a

feldspathic-lithic   (shale   clast)   cross-bedded   sandstone.      Lithofacies   C   is   a

ghuconitie,  non-fossinferous  sandstone  of  the  lower  Kearny.     Lithofacies  D,

from  the  lovyer  and  upper  Kearny,   is  variable  but   is  generauy  described  as

fine-grained,   rippled   sandstone   with   shale   laminae.      Bioturbated  sandstone

(lithofacies E) constitutes another facies from the lower Kearny Formation.

Diagenesis  involved  three  general stages,  and  was  important  in  controuing

petrophysical  properties.    Early  diagenesis  included  the   formation  of  chlorite

grain coatings  in lithofacies  C,  D,  and  E.   As a whole  these coatings did not act

to  prevent quartz  overgrowth  cementation.    Low  porosity'  and  permeabifity  in

lithofacies  A  is  hrgely  a  consequence  of  mainstage  cementation  by  ferroan

calcite.         I.ate     stage    diagenesis     involved     the     formation     of     ferroan

dolomite-ankerite,   kaolinitization   of   K-feldspar,   and   dissolution   of   ferroan

dolomite and feldspar.   Dissolution was important in creating secondary porosity

in  fithofacies  8.     Liquid  saturation  porosity  ranges  from  0  to  21%  and  brine

permechility  ranges  from  0  to  248  md.    Relatively  high  permeabirity. occurs  in

lithofacies 8,  C,  D and E, and is associated with high porosity,  gcod sorting,  and

coarse pore size distribution. `

vi



CHAPTER I

INTRODUCTION

Purpose and Significance of Study

lt is generany recognized that in order to meet the petroleum needs of the

future,  enhanced  oil  recovery  (EOR)  methods  wfll  be  necessary.    EOR  involves

processes  designed  to  extract  on  remaining  in  reservoirs  otter  primary  drive

production.    This  includes  means  of  freeing  the  oil so  it becomes  mobne,  drive

mechanism  to  move  the  oil  through  the  reservoir  to  the  production  web,  and

methods  to  increase  permeability.   Various fluids are  injected into the reservoir

to   achieve   this,   including   fresh   water,   brines,   acids,   and   surfactants   and

polymers.    In  some  cases  it  may  be  necessary  to  block  off  high  permeabnity

zones   with   gels   first,   in   order   that   fluids   contact   oil   remaining   in   low

permeability  areas.   Success  of FOR, depends upon a good understanding of how

these processes work, and the nature of the reservoir as a permeable,  potentiany

interactive  medium.   The potential  for  recovery  is  very  good.   In  Kansas  it  has

been  estimated  that  the  potential  for  production  of  oil  from  single  pay  fields

through  enhanced  recovery  is  two  to  three billion barrels (Ebenks,  1975,  p.  22).

This underscores the importance of the Tertiary Oil Recovery Project ('roRP) at

the University of Kansas, under which this thesis was hrgely funded.

In order for FOR projects to succeed there  must be a forehand knowledge

of  the  geologic  characteristics  of  the  reservoir,  because  they control reservoir

geometry  and  fluid  flow  (Ebanks,   1977,  p.  92-107).     Geologic  characteristics

include  depositional  environment  and  subsequent  geometry  and  distribution  of
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sand  bodies,  distribution  of  textural  parameters,  and  diagenetic  modifications.

`roRP  has incorporated geologists to provide input on the geological parameters

that are of importance  to reservoir engineering.   This input  serves to provide a

basic  understanding  of how geological  parameters  correlate  with  petrophysical

parameters.   Porosity,  permeability,  and pore-size  distribution are  examples  of

petrophysical   parameters.       Ideally,    this   geological    input   along   with   the

integration of petrophysical data win also be of use  in  the  future  in  the  case  of

attempted EOR projects in Kansas.

The  purpose   of   this   study   of   the   Kearny,   therefore,   is   fundamentally

twofold.     First,   it  is  an  attempt  to  demonstrate  the  geological  controls  of

petrophysical   properties   of   this   formation,   and   with   application   to   general

understanding.     Secondly,  the  aim   is  to  provide  geological  and  petrophysical

information  that  will  be  of  use  in  the  future  for  enhanced  recovery  projects

attempted in the Kearny Formation.

A   number   of   geological   pl.operties   influence   petrophysical   properties

(Pettijohn et al.,  1972, p. 525).   Diagenetic  mineralogy (cements) can be of great

importance.     Authigenic  minerals  occurring  in  the  pore  systems  of  reservoirs

block  such  pores,  and  may  react  with  injected  EOR  fluids  resulting  in  their

breaLkdown  and  pessibly  the  precipitation  of  material  in  the  pores  (Peterson et

al.,  1982  p.  14-19).    It  is  therefore  important  to  be  aware  of  the  diagenetic

character  of  a  reservoir  before  initiating  enhanced  recovery.    Because  of  the

importance   of   diagenesis   this   thesis   has   focused   on   this   aspect,   and   the

relationships  of  diagenesis  to  petrophysical  properties.    An  additional  purpose,

beyond   description,   is -to   interpret   the   diagenetic   history   of   the   Kearny

Formation.     This  detailed  petrographic  study  of  the  Keamy  Formation  is  of
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further significance  because  it  contributes  to  our  knowledge  of  the  geology  of

the Lower Pennsylvanian in southwestern Kansas.

Study Area

Eight cores from  the Kearny Formation in southwestern Kansas  were  used

in  this  study  (Table  1)  (Fig.  I).    An  but  one  are  part  of  the  couection  of  the

Kansas  Geological Survey.   Selection  of  these cores  was  made  primarily  on  the

basis  of  availability  within  a  reasonable  study  area.    An  effort  was  made  to

represent  different  stratigraphic  intervals  within  the  formation.     From   these

cores 117  samples were  taken for thin sections and 91 for petrophysical analysis.

Samples   were   chosen   to   represent       different   lithofacies,    cement   types,

sedimentary structures, and grain sizes.

Previous Works

Two  previous  studies  have  concentrated  on. diagenesis  and  petrophysical

aspects  of  Morrowan  Stage  sandstones.    Adams  (1964)  recognized  two  types  of

marine  sandstones  in  the  lower   Morrowan  Stage   sandstones   in   northwestern

Oklahoma  and  the  Texas  Panhandle.  Each  type  represents a distinct diagenetic

facies.   Sandstone type A  is a  wen-sorted,  non-glauconitic,  non-calcareous,  high

energy  nearshore  facies  (Adams,  1964,  p.  1568).    Diagenesis  in these sandstones

is  characterized  either  by  extreme  pressure  solution  or  by  minor  to  moderate

pressure  so.1ution  and  quartz  overgrowths  (Adams,  1964,    p.  1569).    Sandstone

type a is en arginaceous, poorly-sorted, glauconitic, calcareous, and fossiliferous

facies  thought  to  represent  deposition  under  lower  energy  conditions  (Adams,

1964, p. 1568).   Minor quartz overgrowths, calcite or dolomite cement (approach-



TABLE    1

CORES   USED   IN   THIS   STUDY

CORE LOCATION DEPTH   (meter`s)         STRATIGRAPHIC   INTERVAL

1.     Williams  D-2   (WD2)(Cities  Service  Co.)   19-33S-42W  Morton  Co.

2.      1   Jones  8   (1JB)(KGS)

3.        1    Low   G    (1LG)(KGS)

4.       5   Low   A   (5LA)(KGS)

5.      2  Gaskill   A   (2GA)(KGS)

6.       1   Nell   A   (1NA)(KGS)

7.      1   Pennington   (1P)(KGS)

8.       1   Bolan   (1B)(KGS)

9-33S-41W  Morton  Co.

6-33S-40W  Morton   Co.

8-33S-40W  Morton  Co.

10-33S-38W  Stevens   Co.

19-33S-37W  Stevens   Co.

16-34S-32W  Seward   Co.

6-33S-29W  Meade  Co.

1389-1 J102

1562-1572

1661-1672

1741-1754

18q5-1886

1871-1893

1839-1853

1774-1786

upper  Kear'ny

upper  Kear`ny

upper.  Kearny

lower  Kear.ny

lower.  Kearny

lower  Kearny

lower  Kearny

lower  Kearny
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ing 50% of total rock volume),  end authigenic chlorite and kaolinite characterize

this diagenetic facies (Adams, 1964, p.  1577).

Porosity   and   permeability   in   these   two   sandstones   were   apparently

controlled largely by diagenesis,  with grain-size  as an  indirect control.   Type A

sandstones  have  original  porosity  and  are  permeable,   if  medium-  to  coarse-

grained,   and   impermeable   if  fine-grained  (Adams,   1964,  p.1568).     Numerical

values for pot.osity and permeability were not given in the study.   Adams believes

more  extreme  pressure  solution  and  the  lesser  amounts  of  cement  required  to

destroy porosity are  the  factors  responsible  for  the  impermeable  nature  of  the

fine-grained  rocks  (Adams,   1964,  p.   1577).     In  type  8  sandstones  porosity  is

generally  the  result  of  dissolution  of  carbonate  cement,  which  is  sufficient  to

create commercial permeabilities (Adams,  1964, p.  1578).   The results presented

in    Adams'    study    suggest    a    correlation    between    diagenetic    facies    and

"petrophysical facies."

Kasino  and Davies (1979) examined some upper  Morrowan Stage sandstones

from   Cimmarron County, Oklahoma.   They  recognized  the  fouowing diagenetic

Sequence:    calcite  and  silica  cements;  compaction  of ductile  grains;  dissolution

of  feldspar,   rock   fragments,   cements,   and   matrix;   silica   overgrowths,   with

kaolinite   and   chlorite   cements;   calcite   and   ankerite   cements;   and   partial

removal of late-stage calcite and ankerite (Kasino and Davies, 1979, p. 189).

Effective porosity  in  these sandstones is secondary,  and resulted from the

dissolution  of carbonate cement.   Primary  porosity  was  reduced  by  compaction

of  detrital  cloys,  mica,  and  rock  fragments.    Porosity  and  permeability  range

from about 4  to 24 percent and  0  to  200  md,  respectively.   The  authors suggest

that  the  scatter  of  points  found  on  their  plot  of poresity  against  permeability
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reflects the secondary nature of the pores.   They further believe,  however,  that

porosity  and  permeability  are  directly  related,  which  indicates  the  secondary

pores are largely  interconnected.   Porosity and permeability are  independent of

grain size,  which  is also consistent with the secondary origin of the pores (Kasino

and Davies,  1979,  p.  189-193).



CHAPTER n

GEoroGy OF THE KEARNy FORMATION

Nomenclature

ln  Kansas  the  Lower  Pennsylvanian  Series  is  equivalent  to  the  Morrowan

Stage.   Rocks of this age cecur in the state in the subsurface of western Kansas

(Figr 2).   Such rocks were first reported and named the Kearny Formation in  1944

on  the  basis  of  the  presence  of  the  fusulinid  Mfllerella  (Zener,   1968).     The

Kearny Formation was hter expanded by MCManus (1959).   Throughout  the  mid-

continent   rocks   of  Morrowan  age  are   meet  commonly  known  simply  as  the

Morrow, or as the Morrow Formation.

stratigraplry
'I`he   Kearny   Formation   consists   of   those   rocks   present   between   the

generany oolitic nmestone of Mississippian age and the overlying dark limestones

and shares of the Atokan Stage.   The  upper boundary  is  usuauy easily picked  on

electric  logs  because   of  the  distinctive  ''Thirteen  Finger  Limestone"  of  the

Atokan.   A coal bed commonly marks the start of Atokan rocks.   The  Kearny  in

Kansas  is present  within  a depth  interval of approximately 1300  in  and 1900  in,

and it ranges in thickness  from  0  to 185  in.   The  formation  thickens  and  occurs

deeper to  the  south  into the Anadarko Basin.   In the basin deep Morrowan Stage

rocks reach a depth of 3,720  in and a thickness of over 930 in (Swanson,  1979).

The   Keamy   Formation   is   not   formally   subdivided,   but   most   workers

recognize lower and upper portions.   This applies  to Morrowan Stage rocks in the

Anadarko  Basin  and  the  Hugoton  Embayment,  as  the  stratigraphy  is  generany



Fig.  2    Occurrence  of the  Kearny  Formation  cind  tectonic  features  of the  southern  mid-continent  (clfter  Merricim,1955,
MCManus,1959). I+
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similar.    A  type  log  is shown  in  Figure  3.    'I'he  lower  Kearny  consists  of  black

shares  and  discontinuous  nmestones,  sandstones,   and  fossiliferous  sandstones.

The  upper Kearny  is characterized  mainly by  black  shares,  carbonaceous  shares

and    discontinuous,     coarse-grained    sandstones.        Sandstones    of    different

stratigraphic  intervals   have   locany  been  assigned   informal  names  or   letter

desigmtions.   The basal unit is generauy I(nown as the  Keyes sandstones.   Upper

Morrowan sandstones have been referred to as the Purdy sands.   The stratigraphy

and lithologies  of the  Kearny Formation are  presented in  MCManus (1959), which

is a comprehensive reference on Morrowan stage rocks in western Kansas.

Structural Setting and Depositional History

During  Morrowan  time  western  Kansas  was  part  of  the  Hugoton  Embay-

ment,  which  Was  an  extension  of  the  Anadarko  Basin  (Fig.  2).    The  confining

upnfts  included  the  Central  Kansas  Uplift,  Sierra  Grande  Uplift,  and  the  Las

Animas  Arch.    These  exposed  areas  and  the  Ancestral  Rockies  are  considered

possible source areas for Kearny Formation sediments (Swanson,  1979).

Deposition  of  the  Kearny  began  with  the  trangression  of  marine  waters

northward  out  of  the  Anadarko  Basin.    Shallow  marine  environments  prevailed

throughout  much  of lower  Morrowan  time  and  into  the  xpper  Morrowan.    Much

sandstone  and  limestone  was  depesited  as  offshore  bars  and  shoals  along  with

some beach  sedimentation.   Subsurface analysis suggests cyclic trangression and

successive shoreline stands through northwestern Oklahoma and southern  Kansas

(Busch  1961,  Khaiwka  1968).     During  stillstands  shoreline  sequences  developed

along  with  offshore  bars.    Much  of  the  coarse-grained  sediments.of  the  lower

Kearny  were  deposited  in  structural  or  erosion  lows,  forming  channel-fin  and

strike-vaney sandstones (Busch,  1961).
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Late  Morrowan  time  was  characterized  by  a  major    deltaic  prqgradation

southeastward  from  Colorado  into  Oklahoma  (Swanson,  1979).    Fluvial-deltaic

environments  predominated  although  marginal-marine  sedimentation  also  took

place  (Kesino  and  Davies,  1979).    Oil  production  largely  comes  from  stream-

mouth  bar,  distributary  Channel-fin,  and  point  bar  sandstones  of   the  upper

Kearny.    Minor  transgression took  place late in Morrowan time.   The contact of

the Kearny with the overlying Atokan rocks is in part an unconformity, but some

sedimentation   to   the  southwest  and  into  the  basin   was  continuous  into  the

Atokan,

Petroleum Geology of the Morrow

Sandstone  and  conglomeratic  deposits  of  late   Morrowan  age   are   most

important   as   reservoirs    in   the   Anadarko ~Basin   and   Hugoton   Embayment

(Swanson,   1979).      Production   also  comes   from   sandstone   deposits   of   early

Morrowan  time.    The  first  discoveries  in late  Morrowan deposits  were  made  in

1951  in Morton County,  Kansas,  and Ochiltree  County,  Texas.   Subsequent  early

discoveries  were   made  in  Meade  and  Seward  Counties,  Kansas,  and  Ochiltree

County,  Texas.     Some   of   the   more   prominent  producing  areas   include   the

Interstate   field   in  Morton  County,   Kansas,   and  the  Camrick  area  of  Texas

County, Ok]choma.    Most production has been  wet gas  with  distinate,  although

pools of ofl exist throughout the basin (Swanson, 1979).

LQte  Morrowan reservoirs  represent  point  bars,  distributary  channel  fins

and stream-mouth baLdeposits (Swanson,  1979).   Other late Morrowan reservoirs

include estuarine;  tidal flat, beach and offshore bar deposits (Kasino and Davies,

1979).
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Recent  discoveries  have  been  made  in  Morrowan  Stage  rocks  in  south-

eastern  Colorado.    Production  comes  from  the  lower  Morrow  Keyes  sandstone

and lower,  middle,  and upper sandstones of  the  upper  Morrow.   Reservoir  rcoks

were  deposited  mostly in fluvial delta plain and tidal channel environments, and

are erratically distributed.   Individual sandstone bodies have widths up to 1  mile

(1.6 kin) and a maximum thickness Of 42 feet (13mxAvis and Boothby,  1982).

The majority of oil prQduction from Morrowon Stage rocks in Kansas comes

from  the  southwestern  corner  of  the  state  (Morton,  Steveus,  Seward  counties).

Most comes from late Morrowan deposits at depths on the order of 4,000  to 5,200

feet (1240  to  1612m)  and  with reservoir thicknesses of generauy 2  to 40 feet (0.6

to  12.4  in).    The  oil  produced  is  fairly  light  (38-42  APT)  (Paul  and  Bahnmaier,

1981).

Enhanced recovery projects that have been employed to date in the Keamy

Formation have been mostly by controned water flooding.    Untreated brines,  but

mostly  mixtures  of fresh water end brine, have been used in waterflooding (Paul

and Bchnmaier,1982).



CHAPTER in

DEscRlpTION AND INTERPRETATION oF LITHOFAclrs

Seven major,  general sandstone and sandstone-shale lithofacies  are  repre-

sented in the cores used in this study.   In addition, one major limestone and three

shale uthofacies  are  present  in  the  cores.    Lithofacies  are  rock  units  that  are

objectively  described  (Reading,   1978,   p.   4).     These  units  are   not   meant  to

correspond  to  informal  or  formal subdivisions  of  a  formation.    Descriptions  of

each  nthofacies   are   given   first,   fouowed   by  interpretations  of  depositional

settings.   Each lithofacies exhibits a range  of characteristics and  some  overlap

exists.     Variations  within  lithofacies  are  discussed  and  related  to  particular

cores.   Simplified graphical Core descriptions are compiled in Appendix A.

Description

Lithofacies A

Lithofacies  A  is  a  gray  to  brown,  fessiliferous,  cross-bedded  sandstone

(Fig.  4.    It  is  distinguished  as  a  lithofacies  on  the  basis  of  the  abundant  fossil

content.   It is the  mast abundant sandstone type, amounting to about 23 percent

of the total thickness of sandstone used in this study.   Lithofacies A  is present in

four  cores:     1NA,  2GA,  1P,  and  18.    It  is  ghuconitic  and  wen  cemented  by

carbonate.    Lithofacies  A  is  poorly  to  wen  sorted,  with  a  majority  (estimated

modal)  grain size  of  fine-medium  to course,  with coarsest grains ranging up  to

pebble size.   Less abundant shale clasts up to 16 mm long are also present.   Grain

sizes and distributions are  vaLriable.   A poorly sorted unimodal distribution occurs

with  a  range  from  somewhat  finer  than  the  modal  size  to  the  coarsest  size

lLf
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fraction.  Improved sorting also occurs and the distribution is bimodal with a fine

to  medium  quartz  fraction  and  a  coarse  to  very  coarse  quartz  and  skeletal

fraction.    Pelmatozoan  and  brachiopod  shen  fragments  are  the  predominant

fossfl  types.   Some  moderately-weu  to  well sorted strata (less than 1  to 30  cm

thick) of  the  finer and coarser fractions are also present,  as  are  poorly  sorted,

conglomeratic  zones.     Bed  surfaces   may  be  marked  by  clay  laminae.     Both

normauy and inversely graded beds are present.  There is some uncertainty about

the  nature  of  some  grading because  of difficulty  in  delineating bed boundaries.

Several  10  cm,  normauy  graded  units  occur  in  core   2GA;   these  range   from

very-coarse sand-granule size at the base to fine sand at the top.  Some bedding

surfaces are recognized by their uneven, erosive appearance.   Such surfaces are

immediately  overlain  by  coarse  to  pebble  size  sediment  containing  clasts  of

blackl shale and either chert or phosphate.   These beds probably represent storm

deposition.   A variation of this nthofacies occurs in core lp where black, pyrite-

bearing shale laminations are abundant.

Sedimentary  structures  in  this  nthofacies  are  also  variable  and  include

structureless intervals,  horizontal  stratification  to  low-angle  crossbedding (less

than loo) and relatively high angle  cross-bedding (greater than loo).   High angle

bedding   is   most   common.      The   angles   measured   on   slabbed   surfaces   are

commonly on the order of 10-15°,  but it  is likely that angles are higher based on

observations   of   unslabbed   surfaces.      It   is   difficult   to   recognize   vertical

sequences of angle  changes and individual cross-bed sets.   In core lp lithofacies

A is horizontauy-bedded to relatively low-angle cross-bedded.   Core 18  is similar

to lp but is also characterized by somewhat wavy-bedding phnes.
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Upper  and  lower  contacts  are  either   transitional,   erosional  or  abrupt.

Underlying   lithofacies   can   be   either   biotrubated   sandstone   (1ithofacies   E),

interlaminated sandstone-shale (lithofacies  F),  sandy  limestone,  or  black  shale.

Overlying  lithofacies  include  very  fine  to  fine  grained  cross-bedded  sandstone

(lithofacies D) or black shale.

Fouowing  the  petrographic  classification  scheme  of  Folk  (1980,  p.    153-

155),  uthofacies  A  is generally described as a poorly to weu sorted,  medium  to

coarse   sandstone:      dolomite   or   calcite   cemented      submature   to   mature,

glauconitic,  fossinferous subarkose to quartzarenite.   Point counts  indicate  that

skeletal  material  is    about  10  to  nearly  50  percent  of the  detrital  mineralogy.

Glauconite penets constitute 3 to 23 percent of the detrital grains.

Lithofacies  A  is  interpreted  to  have  been  depesited  in  a  shallow  marine

environment  under  moderately  high  but  fluctuating  energy  conditions.    Fossils

and  authigenic   mineralogy  are  strong  indicators  of  depesitional  environment

(Reading,   1978,    p.        229-232).       Pelmatozoans,    brachiopods,    monusks,    and

bryozoans constitute an assemblage characteristic of normal marine salinity and

shallow  depth (less  than  200m)  (Reading,  1978,  p.  229).    Glauconite  pellets  are

generauy  believed  indicative  of  a  marine  environment  (Reading,  1978,  p.  231-

232).   Porrenga (1967) suggests glauconite is most common in a depth range of 30

to  700  in.   Phosphate  is present in lithofacies A as organic and inorganic grains.

Phosphates  are  also  most  common  in  marine  deposits  (Reading,  1978,  p.  230).

Abundant gleuconite  is urnikely to be preserved in high energy shore fine settings

(Spearing 1975, p. 114).   Therefore it is probable that lithofacies A was deposited

in the offshore environment.
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Relatively  coarse  grain  size  (medium  to  coarse)  and  high  angle  cross-

bedding   suggest   moderate   to   high   flow   velocities   (40   cm/see   or   greater)

(Southard,  1975,  p.    21).   Sediment  was  most  likely  deposited  as  sand  waves  or

dunes (Southard,  1975, p.   21, 24-25).   The wide variation in grain sizes present in

lithofacies  A,  alternating  size-sorted  strata,  and  other  variations  in  sorting

indicate  that energy conditions fluctuated, and were episodic in nature.   Normal

grading can be interpreted as an indication of decaying currents (Pettijohn et al.,

1972,   p.      112).     This   may   reflect  waning  storm  conditions.     Bagnold  (1954)

presented  the  concept  of  dispersive  pressure   to   explain  coarsening  upwards

(inversely graded) avalanche-face cross-strata.

Lithofacies 8

Lithofacies    8    is    brown,    poorly    to    well    sorted,    feldspathic-lithic

cross-bedded,  medium  sandstone  to  conglomeratic  sandstone,  which  is  slightly

dolomitic   (Fig.   5).      It   differs   from   lithofacies   A   by   lacking  fossns   and   is

distinguished  by  its  feldspar  and  lithic  constituents.    It  occurs  in  three  cores:

1JB,  WD2,  and  lLG,  equaling about 18.5  percent  of all sandstone  lithofacies  in

this study.  The modal grain size is medium  to coarse and the coarsest grains are

9  mm pebbles.   Most coarser grains range to 3-4 mm granules.  Overall sorting is

poor  in  that  a  wide  range  of grain  sizes  occurs  throughout.    Individual  strata,

however,  are  often  moderately-wed  to  wen-sorted.    Beds  are  usually  1-5  cm

thick but  in core  WD2  they  reach  10-13  cm  thick,  and  these  thicker  zones  al.e

often  more  poorly sorted.   The better sorted strata are  commonly composed  of

the  coarser  fraction  although  they  can  be  composed  of  the  modal  grain  size.

Conglomeratic layers sometimes overlie apperent eresional surfaces and occur at

the base of  the lithofacies.   Normal or  inverse grading  is present  in some  beds.
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A  uniform,  vertical  grain  size  sequence,  such  as  fining-up,   is  not  present  in

lithofacies  8.     Less  common  features  of  this  Hthofacies  include  black  shale

laminae  and  carbonaceous  streaks.     Rare  glauconite  (WD2)  and  pelmatozoan

fragments (1LG) are also present.

Lithofacies   8   is   structureless   or   exhibits   relatively   high-angle   cross-

bedding (10-20 degrees).   It is difficult  to recognize sets or  a particular vertical

sequence  of  structures.     In  core  lJB,  however,  cross-bedding  appears  to  be

organized in 0.3  in  thick units  that  trend  upwards  from  relatively low  to  higher

angle inclination.   These units may Pe individual cress-bed Sets.

Lithofacies a occurs as single  intervals in  three  cores.   It  is  4.3m  thick  in

lJB,  7m  thick  in  ILO,  and  7.3m  thick  in WD2.   In each case it abruptly  overlies

interlaminated (or intercalated) silt-to fine sandstone and shale (fithofacies F) or

carbonaceous,  binck shale.   In core  ILO lithofacies 8 is in erosional contact with

an  overlying very-fine  to  fine-grained rippled  sandstone  (1ithofacies  D).    In  the

other  cores   the  overlying  lithofacies  is  an  interlaminated  silt-  to  very-fine

sandstone and shale (lithofacies F).  The overlying contact is abrupt.   In core lJB

two  units  of lithofacies 8,  12.7  cm  and  0.4  in  thick,  cocur  in the  upper  part  of

the core (Appendix A).

Petrographically  Hthofacies  8  is quite variable.   It  may be  described as a

poorly to weu sorted medium  to conglomeratic sandstone:   dolomite-  and quartz

cemented  submature  to. mature  arko3e  to  feldspathic  litharenite.    In core  lJB

lithofacies  8  is  an  arkose,  with  detrital  components  including  abdut  25  to  36

percent   feldspar,   (plus   igneous   rock   fragments)   and   2   to   8   percent   rock

fragments.    In  WD2  the  composition  ranges  from  arkose  to  lithic  arenite  to

feldspathic litharenite.   Feldspar and rcok fragments ranging from about 21to 31
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percent, and 7  to 29  percent.   Shale  clasts  in core  lLG  ranging  from  about  1  to

16  percent,  with  feldspar  amounting  to  about  3  to  15  percent  of  the  detrital

grains.  Such a composition places lithofacies 8 in core  ILO  within the subarkose

to predominantly sublitharenite range.

Lithofacies 8 in cores lJB and  WD2 are  interpreted to have been deposited

in a non-marine environment as sand waves or dunes under moderately high flow

velcoities.    Lack  of fossns and glauconite and associated lithofacies of probable

non-marine  origin  suggest  a  non-marine  environment  for  lithofacies  8  in  these

two cores.   Non-calcareous shale  that contains plant fragments and suckensides

is associated with lithofacies a.   This type of shale was most likely deposited in a

marsh or floodphin environment (Potter et al.,1980, p.  33, 61).

Texture and the sequence of lithofacies in cores lJB  and  WD2  are  similar

to  other  upper  Morrow  cores  interpreted  as  deltaic  in  origin  (Swanson,  1979).

Upwards  trending  sequences  consisting  of  non-carbonaceous  shale;  intercalated

fine   sand   and   shale;   non-fossiliferous,   coarse,   cross-bedded   sandstone;   and

laminated clay,  silt and fine sand or carbonaceous shale are typical of Swanson's

cores,  1JB,  and  WD2.    In  core  WD2  carbonaceous  shale  underlies  lithofacies a.

'I'he coarse sandstone nthofacies is interpreted by Swanson to be a stream-mouth

bar or distributory channel deposit.   Rare glauconite in these cores implies some

minor marine influence or reworking.

Grain sizes and  variations,  and high angle cross-bedding are interpreted to

represent similar  flow conditions to those  for  lithofacies A.    For  lithofacies  8,

however,   these   upper   flow   regime  conditions  probably   occured   in  a  fluvial

channel with episodes being related to periods of flooding.
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In core lLG  lithofacies  a  is similar  in  character  to  that  in  lJB  and  WD2

with  the exception that it contains rare pelmatozoan fragments.  This suggests a

marine  origin  for  the  deposition  of  these  sediments.    This  is  discussed  further

under the section on interpretation.

Lithofacies C

Lithofacies   C   is   a  gray,   moderately-weu  to  very-wen  sorted,   fine  to

coarse, slightly carbonate  cemented, glauconite, cross-bedded sandstone (Fig.  6).

Lithofacies C differs  from  A  in that  it contains few  fcx5sils.   Cores 5LA and 2GA

contain  it,  representing  about  16  percent  of  the  total  thickness  of  sandstone

nthofacies  used  in  this  study.    It    is  moderately-wen to very-wen sorted,  with

the modal grain size being generauy medium  to coarse.   As  in  lithofacies  A  and

. 8, a coarser-grained fraction is present but to a lesser degree.   Quartz, feldspar,

binck  grains (phosphate,  chert),  and  shale  clasts  in  this  coarser  fraction  range

from coarse sand  to pebbles up to 1  cm  (shale  clasts).   Coarser grains tend to be

more  abundant  in  the  lower  portions  of  this  lithofacies.    Sorting  decreases  in

association  with  this  coarser  fraction.    In  core  5LA  this  decrease  in  sorting  is

also   evident   in   the   upper   one-fourth   of   the   unit   where   it   is   overlain   by

bioturbated  muddy sandstone (lithofacies E) containing abundant coarse to pebble

size grains.

Lithofacies  C  is  also  characterized  by  weu-sorted  laminae  and  beds,  a

nearly  bimodal  grain  size  distribution  in  places,   and  graded  beds  similar  to

lithofacies   A   and   8.     Black  clay  laminae   are  abundant  in  this  lithofacies,

particularly  in  5LA.    These  laminae  define  beds  (1-5  cm)  and  are  commonly
\

developed  into  stylolites.     High-angle  (10  to  25  degrees)  cross-bedding  is  the

characteristic  structure.    It  is  difficult  to  recognize  with  certainty  vertical
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sequences  within  structures  (angle  changes).    Some  burrows  are  also  present.

Lithofacies C  ranges  in  thickness  from  1  to 8.5  in,  and is overlain and underlain

trausitionany   or   abruptly   by   black   shale   or   muddy   bioturbated   sandstone

(1ithofacies E).

A general petrographic  classification of hithofacies  C  is:   moderately-weu

to very wen-sorted medium  to coarse sandstone:   calcite,  dolomite,  and quartz-

cemented  submature   to  mature  glauconitic  subarkose.     Detrital  coustituents

include an average  of about 7  percent  feldspar,  3  to  25  percent glauconite  and

less than one percent fossfls.

Lithofacies  C   was  deposited  in  a  shallow  marine  environment  generany

similar  to  that  under  which  A  was  deposited.        Glauconite,   grain  size,   and

sedimentary  structures  suggest  deposition  on  a  marine  shelf  under  moderately

high  energy  conditions  as  sand  waves  or  dunes.     Storm   related  episodes  of

sedimentation  crecurred.    Abundant  glauconite  and  clay laminae  are  unlikely  to

be preserved  in  continual  high  energy shoreline  settings  (Spearing  1975,  p.  114).

As  glauconite  and  clay  leminae  are  abundant  in  much  of  this  lithofacies,  it  is

further likely that they were deposited in an offshore shelf environment.

Lithofacies  C  shows  an  Lipward  sequence  of  improved  sorting  and  lesser

amounts of clay laminae.  Because the upper portion of this uthofacies is cleaner

and  better  sorted,  a  transition  is  inferred  to  have  occurred  from  moderately

high,  variable  energy  conditions  to  somewhat  higher  energy,  more  continuous

flow   conditions.     Offshore   bars  typically  show  characteristics  reflecting  an

increase   in  energy  conditions  upwards,   usuany   grain  size   increases  upwards

(Brenner  and  Davies,   1974;  Spearing,  1975).    Although  fithofacies  C  dces  not
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coarsen upwards,  it  seems  to  reflect  increasing  energy  conditions  in  the  upper

portion.  It therefore may represent deposition as an offshore bar.

Lithofacies D

Lithofacies D  is brown to gray-green,  very-fine to fine grained, carbonate

and quartz-cemented,  glauconitic,  rippled sandstone (Figs.  7,  8,  9).   Lithofacies

D is denneated on the basis of fine grain size and the presence of abundant shale.

Black,  sometimes  micaceous,  shale  laminae  are  characteristic   and   occur   in

abundances  sufficient   to   describe   this   lithofacies   as  flaser  bedded  in  part.

"Fh;er bedded"  is used  here  to  describe  the  relative  abundance  of  sand  (about

75%) and  shale  (about  25%)  (Ruby  et  al.,  1981,  p.  43).   Nearly equal amounts of

sand and shine would be considered wavy bedded.   Weu developed lenses of mud,

however,  are  not common. - Most  shale  laminae  are  fairly  continuous  and  wavy.

In  some  instances  it  is  possible  to  interpret  this  type  of  interbedding  to  have

been generated under wave conditions because  of associated ripple surfaces (Fig.

7).   It  is present in four cores (18,  1LG,  1NA,  2GA)  totaling about 15  percent  of

all sandstone types studied.   In each  core  this nthofacies is distinctive.   In core

2GA lithofacies D occurs as a 1.8  in interval overlain and underlain by lithofacies

A.   This unit  is rippled with some bidirectional (?) current ripples and horizontal

to slightly  inclined  p]anar  lamination.    A  7.5  cm  interval  of  medium  size  sand

cocurs within this unit.   Several wood fragments are notable coustituents in this

unit.    This  sandstone  is  further  classified  as  a  wen-sorted,  very-fine  grained

Sandstone:   quartz,  mature,  gleuconitic quartzaLrenite.    Glauconite peuets range

from  14  to 20 percent of the framework grains and  impart a green  color  to  this

unit.
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In  core   lNA   lithofacies   D   is   distinctive   in   that   it   is   cross-bedded   with

minor    ripple    cross-lamination    and    bioturbation.        It    is    grouped    with    this

lithofacies  on   the  basis  of   textural  similarities.     Black   clay   laminations   are

abundant.    Calcite  cementation  is  also  notable  as  patches  associated  with  sheu

debris  or as bands (Fig.   9).   Petrographically  this  sandstone  is a  wen-sorted.  fine

sandstone:      calcite   and   quartz   cemented   mature   glauconitic   quartzarenite.

Glauconite   ranges  from   14   to  17   percent   of   the   detrital  grains;   skeletal  and

phosphatic  grains  range  from  1  to  about 1.8  percent each.   Fossils and phosphatic

grains are  medium  sand size.

Two  units  of  lithofacies  D  are  pl.esent  in  core  lNA,  one  of  which  is  2.2  in

thick   and   is   over.lain   and  underlain   by   lithofacies   A.      The   upper   contact   is

somewhat gradational,  the lower  one  is  abrupt.   The  other unit  is 1.2  in  thick  and

is   in   abrupt   contact    above   and   below    with    intercalated   glauconitic,    fine

sandstolie  and black shale (nthofacies F).

Litriofacies  D  is  also  present  in  cores  18  and  lLG.  In  18  it  is  ripple  cross-

1aminated  with  abundant  pyrite-bearing  black  shale  laminae.    Rippled  surfa.ces

al.e  rounded  and  symmetric.   This  unit  is  described  as  flaser bedded where  black

shale      increases      in      chundance.            Hot.izontal     burrows      are      abundant.

Petrographica]ly   this   is   a   well-sorted,   very-fine   to   fine   sandstone:     quartz

cemented   mature   glauconitic   quartzarenite.      Glauconite   content   is   6    to   9

percent.    Bioturbation  has  produced  some  mixing  of sand and  clay  resulting in a

less mature sandstone  in pieces.

Two  intervals  of  lithofacies  D,  2.3  in  and  3.6  in  thick  are  present  in  core

18.    These  intervals  are  separated  by  a  meter  of  more  extensively  bioturbated

sandstone  (lithofacies  E).   The  abrupt basal contact of  the  lower  interval is  with
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lithofacies  A.   The  upper contact  is somewhat gradational with  an  interlaminated

very-fine sandstone and black shale (lithofacies F).

In  core   lLG   lithofacies   D   is   a   unit   4.3   in   in   erosional   contact   with

lithofacies  8  below.     Sedimenta.ry  structures  are  similar  to  those   in  core  18:

ripple cross-lamination that grades  into  flaser bedding  where black shale  is  more

abundant.    Throughout  much  of  the  unit,  black  shale  laminae  are  less  common

than  in  core  18.    Some  intercalation  of  blacl(  shale,_silty  shale,   and  very-fine

sand  occurs in the upper meter (wavy-bedded).

Although  texturany and structurany similar  in a general  way  to other units

of  lithofacies  D,  the  section  in  lLG  is  petrographicauy  quite  distinctive.    It  is

classified   as   a   very-fine   to   fine   grained   sandstone:       immature   micaceous,

glauconitic,   shale   clast-bearing  subarkose.     Detrital  matrix  consists  of  silty,

micac6ous clay ranging from  23  to 30  percent  (mean -26.6  percent).    Feldspar  is

predominantly  microcline  and  ranges  from  about  0  to  11  percent  of  the  detrital

miner.alogy.    Glauconite  ranges  from,  about  0  tc.  0.8  percent,  mica  from  0  to  1.4

percent,  and  shale  clasts  from  about  0  to  3.5  percent.   The  sand-size  fraction  is

moderately-weu  sorted   with   some   scattered   medium-grained  quartz   present.

Granule  to  pebble-size  quartz  grains  are  common  in  a  0.7  in  interval  beginning

0.7  in fl'om  the base of the unit.   These coarser grains are in pal.t concentrated  in

layers.

Lithofacies  D  is  interpreted  to  have  been  depesited  in  a  shallow  marine

environment  under  low  and  variable   flow  conditions.     Evidence   for  a   marine

origin   is  similar  to  that  for  uthofacies   A:  fossils,   glauconite  and  phosphatic

grains.   The presence of carbonaceous matel.ial may  indicate  a nearshore  setting.

Fine  grain  size  and  ripples  imply  low  flow  velocities  (20-25  cm/see)  (Southard,
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1975,  p.  21).   In core  lNA  this lithofacies is cross-bedded,  which suggests higher

energy flow conditions.   Abundant shale interbeds indicate that energy conditions

fluctuated and at  times were low enough  to permit clay minerals  to settle  out.

Ripple   sets   with   phnar   bounding   surfaces   in   core   2GA   resemble   current-

produced ripples (Reineck and Singh, 1973, p. 30).  Such currents may originate  in

a   nearshore   marine   environment  by   tides.     Rounded  end  aymmetric   rippled

surfaces (core  18) are  cliaracteristic  of  wave dominated environments (DeRaaf,

Boersma, and Van Gelder,  1977).

Lithofacies E

Lithofacies   E   is   ghuconitic,   bioturbated   sandstone   (Fig.    10).      This

lithofacies  is  distinct  from  the  others  because  of  the  abundaht  bioturbation.

Bioturbated  sandstone  is  present  in  three  cores  (5LA,  1P,  18)  and  comprises

about 13  percent of the  total sandstone  lithofacies.   Burrows are  predominantly

horizontal,   circular   to   ovoid,   less   than   1   cm   in   diameter,   and   widespread

throughout  a  given   interval.     Vertical  burrows  are   also  present  (core   18).

Lithofacies E is subdivided into muddy and clean biotufoated sandstone (Fig.  10).

In core  18  this  unit  is  present  as  a  muddy,  extensively  bioturbated  version  of

lithofacies D.   It is otherwise very similar to lithof8cies D as it is characterized

in core 18,  the two Hthofacies being somewhat gradational.   Three  intervals are

present:    a  2.2  in  basal  section  overlain  by  sandy  limestone,  a  0.5  in  section

above and below which lies lithofacies A,  and a section 1  in  thick separating two

units  of  lithofacies  D.    In  core  5LA  muddy bioturbated sandstone  is present as

two  units,  0.7  in  and  2   in  in  thickness.     Both  are  overlain  and  underlain  by

lithofacies  C  with  relatively  abrupt  contacts.    This  sandstone  is  poorly-sorted





30

with  a  majority  grain  size  of  fine  to  medium  and  maximum  grain  size  in  the

granule  to pebble range (to 9  mm).   Bioturbation has produced a homogenization

of sand and chys.    Cloys are  recognized  in  thin section as  matrix:   3.8  percent

and 7.9  percent  in 'two point-counted thin sectionsi   A petrographic classification

of   the   bioturbated   sandstone   of   5LA   is:     slightly   muddy,   fine   to   medium

sandstone:     quartz   cemented   submature   glauconitic,   feldspathic,   shale-clast

bearing subntharenite.  Average glauconite and feldspar contents are 2.9 percent

and   3.6   percent.      Shale   clasts   comprise   5   to   10   percent   of   the   detrital

mineralogy.

Clean  bioturbated  sandstone  is  present  in  core  lp  as  a unit  7.2  in  thick,

underhin  by  lithofacies  A  and  overlain  by  black  shale.    The  lower  coritact  is

abrupt;  the  upper  one    is not present.   It  is  further classified as a moderately-

well sorted, very-fine to fine sandstone:   calcite and quartz cemented submature

snghtly   fossififerous,   glauconitic  quartzarenite.      Grain  size  distribution  and

texture  are  uriiform  throughout  except  for  the  lower  1.5   in.     In  this  section

granule-   to pebblersize fossns, quartz, and shale  clasts are present, in part con-

centrated over erosional surfaces.   Black clay laminae are  common to abundant

and rarely they  mark  rippled surfaces.   Circular to ovoid horizontal burrows are

the predominant structural features.   Their diameter ranges from several mm  to

about 3.5  cm  for  the long axis of elongate burrows.   Burrow walls are not defined

by grain size differences.   Concentrations of glauconite  mostly occur in burrows

but may  outline burrows.    Calcite  cementation  is extensive but  is  concentrated

in patches, many of which are associated with burrows, as a whole or as outlining

features.
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Lithofacies  E  was  deposited  in  a  marine  shelf  setting  as  is  indicated  by

fossils,  glauconite,  phosphate,  and burrows.    Abundant  trace fossils are  another

feature  that  indicates  a  marine  setting,  although  not  strictly  shallow  marine

shelf (Reading,  1978,  p.  230).   Most burrows are horizontal and represent grazing

activities  of  organisms,  typical  of  the  shelf  Cruziana  lchnofacies  (Dodd  and

Stanton,  1981,  p.  269).    Energy  conditions  were  probably relatively low,  permit-

ting the preservation of burrows.

Lithofacies F

A  sixth  nfthofacies,  F,  is  intercalated  micaceous,  glauconitic  silt  to  fine

sandstone  and black  shale  (Fig.  11).   It  is  similar  to lithofacies  D  in part but  is

characterized   by   more   abundant   shale,   which   differentiates   it   from   other

lithofacies.    It  is  present  in  five  cores  (1NA,    1LG,  1JB,  WD2,  18)  totaling  9.5

percent  of all  seven  sandstone  lithofacies.    The  sandstone  is  characteristically

moderately-wen   sorted,   very-fine   to   fineirained,   and   glauconitic.       Wavy,

laminated  surfaces,  ripples,  and  burrows  are  present,  as  is  convoluted  bedding.

Three units cocur with thickness of 1.3  in, 2  in, and 2.5 in.   They are overlain and

underlain  with  abrupt  contacts by uthofacies  A  or  C.   Black shale  is somewhat

more abundant overan in this nthofacies than in the others,  although it  is similar

to  flaser bedded lithofacies D.   Lithofacies F  in core  INA is described as flaser-

bedded  (less  than  25%  shale),  to  wavy-bedded  (25  to  5096  shale)  (Ruby  et  al.,

1981).

A petrographic description of this sandstone is moderately-weu sorted very

fine    sandstone:       .calcite    and    quartz    cemented    submature    glauconitic

quartzarenite.
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Lithofacies F  is also present in cores lJB,  WD2,  1LG, and 18 where  it  is a

horizontally interlaminated coarsesnt to very fine  micaceous sandstone and black

shale.   It ranges from 0.3 in to 1.3 in in thickness and cecurs at the bottom  or top

of    a    core;    sometimes    as    a    transitional    nthofacies    to    black    shale.

Petrographically this variation of lithofacies F (1JB) is a moderately wen-sorted

silt to very-fine sandstone:   immature  micaceous subarkose.   A zone of iron-free

dolomite  rephcement  (84.2%  dolomite),  8  cm  thick,  is  an  additional  feature  in

core WD2.

Lithofacies F,  in core  lNA,   was depesited in a similar marine environment

to that of lithofacies D.    Greater shale  abundance  may  indicate  more prevalent

low  energy  conditions,  which  permitted  the  settfing  of ctrys.   In  cores  lJB  and

WD2   lithofacies   F   probably   represents   overbank   deposition    in   a   deltaic

environment.

Lithofacies G

Sandstone lithofacies G is a unit of interbedded lithofacies A and D that is

present in core  lNA.   Two units  about  0.8  in  and 4.4  in  thick  occur,  comprising

4.9   percent  of  all  sandstone.     Overlying  lithofacies  include  D  or  F  and  the

underlying  lithofacies  is  A.     An  contacts  are  abrupt.     Within  lithofacies  G,

approximately 7  to 15  cm beds of D alternate with 15  to  27 cm beds of A.   More

skeletal grains occur in lithofacies D .than elsewhei.`e  in this core,  some of which

is  concentrated in layers.   Because  it is composed of A and D,  nthofacies G was

not sampled as a distinct sandstone type.



TABLE   2

DETRITAL   COMPOSITION   0F   LITHOFACIES

Gr`ain  Type

Lithofacles  A
(7  samples)

Mqu 8               E3ng  s

Monocrystalline
Quartz

Str.aight  Extinction             48.4                40.7  -55.7
Slightly  undulose                   4.0                 2.0  -6.8
Str.ongly  undulose                    0.7                  0.0  -2.3

Semi-Composite
Quartz
Composite  Quar`tz

Str`aight  to
Slightly  Undulose
Stl.ongly  Undulose

Feldspar`
K-feldspar`
Plagioclase

Igneous  Rock  Fr`agment
Shale  Clast
Cher.t
Glauconite
Pelmatozoan
Brachipod  and  Mollusk
Byozoan

1.1                      0.6   -2.0

0.0  -3.2
0.0  -     0.4

0.0-3.8

Lithofacies  8                                Lithofacies  C
(15   samples)                                          (11   samples)

Mean  s             E±pg±  S                       Mean  *              E±pg±  S

36.0           17.0      -51.1                      55.5             uO.3     -65.7
7.5               1.1       -16.0                        11.4                  Jt.8      -19.8
0.2             0.0     -      1.9

1.2

1.1                0.0      -     6.7

2.2               0.4

C~
C~



TABLE   2

DETRITAL   COMPOSITION   0F   LITHOFACIES   (con.tinned)

Grain  Type

Or`ganic  Phosphate
Fr`agment
Inorganic  Phosphate
Gr`ain
Mica
Metatnorphic
Rock  Fr.agment
Sandstone
Rock  Fragment
Siltstone  Rock
FI.a8ment

Lithofacies  A                             Lithofacies  8
(7  salnples)                                       (15  samples)

E9eE  S                 E±±g±  ¢                 Mean  S                E±±g±  S

0.2                    0.0   -1.0

0.0   -2.0              0.05
0.14

Detrital  Clay  Matrix
Heavy  Miner.als

0.0

0.0

0.5

0.0     -     0.8
0.0     -      1.2

0.0     -       .3

0.0     -        .6

0.0     -     7.5

Lithofacles  C
(11   samples)

Mgap ¢           Bag S

0.1                0.0     -     0.4

0.3               0.0     -     1.0

0.1                 0.0     -      0.JJ

3.3               0.0     -25.7   .



TABLE   2.

DETRITAL   COMPOSITION   OF   LITHOFACIES   (continued)

Gr.ain  Type

Monocrystalline
Quartz

Str.aight  Extinction
Slightly  Undulose
Strongly  Undulose

Semi-Composite
Quar.tz

Composite  Quartz
Straight  to  Slightly
Undulose
Str.ongly  Undulose

Feldspar`
K-Feldspar.
Plagioclase

Igneous  Rock  Fragment
Shale  Clast
Cher.t
Glauconite
Pelmatozoan

Lithofaoies  D                             Llthofacies  E                                Llthofacies  F
(10   samples)                                        (8   saLmples)                                             (3   samples)

H±£±  S                 E±±g±  S                 !!s±±  S              Eepg±  ¢                    !!s±±  ¢                E±!±g±  ¢

64.3                  37.9   -83.3
6.6                    3.8-9.6
0.1                     0.0   -0.4

0.0   -1.9

0.0   -11.5
0.0   -     7.0

0.0          9.5
0.0
0.0
0.0
0.0
0.6
0.0

1.4
0.6
3.5
4.0

22.9
1.6

72.11           62.5     -82.5                     58.4             49.0     -63.6
5.6        .    3.0      -8.1                         3.8                5.0     -11.2
0.2             0.0     -      1.2                       0.5               0.0     -     1.2

0.4

C®
Cn



TABLE   2

DETRITAL   COMPOSITION   OF   LITHOFACIES   (continued)

Lithofacies  D
(10  samples)

Gr.aim  Type Mean  ¢

Br.achiopod  and  Mollusk                0.3
Bryozoan
Organic  Phosphate
Fr`agment
Inorganic  Phosphate
Gr.aim
Mica
Metamor`phic  Rock
Fragment
Sandstone  Rock
Fragment
Siltstone  Rock  Fr.agment
Detr`ital  Clay  Matr.ix
Heavy  Minerals

Lithofacies  E                                Lithofacies  F
(8  samples)                                          (3  samples)

Bene  S                Mean  *

0.0   -1.6                     1.1
0.0

0.0  -0.4                  0.1

0.0   -2.8                   0.JJ
0.0   -1.Ll

0.1
8.6                    0.0   -29.8                  6.6
0.1                       0.0   -1.2

E±±g±  '                   !!±±±  ¢               Eepg±  *

0.0     -     2.8                      0.2              0.0     -     0.4
0.0     -     0.Jl

0.0     -     0.4

0.0     -     0.9
1.4               0.0     -     P.2

0.0     -     0.6
0.0     -17.0                      11.8               0.0     -20.9
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Minor Sandstone Lithofacies

One  minor  sandstone  type  present  in  core  2GA  is  included  for  discussion

because of its possible significance  in terms of depositional environment.   It  is a

carbonaceous,   shady,    fine-grained   sandstone   that   contains   some   coarse   to

granular shale clasts and shen debris.   This facies appears to be similar  to others

that have been described as rooted.   (Ruby et al.,1981, p.  39-40).

Two units are present,  one  7  cm  thick  cocurring  in  the  black  shale  unit  in

the  lower  part  of  the  core,  and  a  20  cm  unit  in  the  middle  of  the  core.    The

latter   is  underlain  by  a  thin  (6   cm)  non-elastic   nmestone,   and   overlain   by

lithofacies A.   The upper contact is somewhat gradational in that lithofacies A is

shady where  it  overfies  the  rooted  sandstone.   This  rooted  sandstone  indicates  a

depesitional setting  where  vegetation can develop,  such as the back-fringes of 8

lagoon.   In this core it would represent a maximum regressive lithofacies.

Lime.stone

The  major umestone lithofacies present is a sandy pelmatozoan grainstone.

It resembles lithofacies A, but is more fossiliferous.   Cores 18 and lp contain 5.9

cm  and  1.3  in  units  of limestone,  respectively.    In  18  this  nthofacies  abruptly

overlies bioturbated  sandstone  and  is  transitional  to  lithofacies  A  above.    This

particular  unit  contains black  shale  laminae  and  has  low-angle  bedding.    In  lp

this limestone unit is in transitional contact with lithofacies  A above and below,

and  appears  structureless.     Fossil  content  is  evidenc;  for  a  shanow  marine

environment for this fimestone.



38

Shale

One  of  the  three  shale  types  pl.esent is predomimnt,  consituting some  or

all of the shale in all cores but two (5LA, WD2).  This shale  is dark-gray to black,

lamimted,  largely  non-fossiHferous  and  web-indurated.    This  shale  is  normally

also  highly   calcareous.      Pelmatozoan,   brachiopod,   and   fenestrate   bryozoan

fragments  are  rare  with  the  exception  of some  intervals  in  core  2GA.    In  this

core  an  interval  of  shale  contains  lenses  of  glauconitic,  very-fine,  sometimes

rippled  sand.    This  shale  is  marine  in  origin  as  indicated  by  marine  fossils  and

calcareous cement (Potter et al.,  1980, p. 48).

In  c,ores  lJB  and  WD2  a dark-gray  to  bhck,  laminated,  qarbonacous,  non-

calcareous shale occurs.   In WD2 6.3  in of this shale underlies  lithofacies a.   This

unit   is   slightly   silty,   micaceous,   and   contains   occasional   plant   fossils   and

carbondceous  layers.   SlickeTisides are  common.   In  lJB  this  shale  is  present  at

the  top  of  the  core  and  contains  abundant  plant  fossils.    Plant  fragments  and

slickeusides are  features  most characteristic of non-IT,urine  marsh or  flood  plain

shares (Potter et al.,1980, p. 33, 61).

A third shale  type is a calcareous green shale intercahted with nan-elastic

gray nmestone.   It cocurs as a  10.2  cm  unit  at  the base  of core  5LA,  separated

from overlying muddy bioturbated sandstone by a 0.3  in gap in the core.

Interpretation of Lithofacies Sequences

The sequence of lithofacies represented in the cores investigated reflects a

transition  from  dominantly  shallow  marine  environments during  early  Morrowan. -` ~-

time,  to marginal  marine-deltaic environments  in later  Morrowan time.   This  is

the general model of sedimentation during Morrowan time in the Anadarko Basin
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and   Hugoton   Embayment   (Swanson,   1979).      A   wide   variety  of  environments

occurred  including:    shanow  marine  shelf,  beach,  barrier  island,  hgoonal,  tidal

channel,   tidal  flat,   estuarine,   and   fluvial-deltaic   (Avis   and   Boothby,   1982,

Swanson,  1979,  Kasino and Davies,  1979,  Khaiwka,  1968,  MCManus,  1959).

This  variability  is  in  part  reflected  in  the  lower  Kearny  cores  studied,

making  it  difficult  to  construct  an  overau  model  of  depositional  history  as

represented  by  sequences.     In  general,  however,  sequerrees  of  coarse-grained

lithofacies (A and C) iud fine-grained (D,  E, and F) indicate periods of shifting of

lower and higher energy shanow marine environments.

Of the upper  Keamy cores studied,  1LG  is encountered next in the vertical

succession.     It  is  distinctly  different  from   the  lower   Kearny  cores  but  rare

pelmatozoan  fragments  and  glauconite  indicate  a  marine setting.   The sequence

of  lithofacies  is  simihr  to  what  might  conceivably  cocur  in  a  tidal  channel,

estuary,  tidal  flat  environment.    Such  depositional environments  were  proposed

for upper  Morrow  lithologies  in Cimarron  County,  Oklahoma (Kasino and  Davies,

1979).    Lithofacies  8 and D are somewhat similar to estuarine and possible tidal

flat deposits reported by Kasino and Davies.   The sequence in core  ILO  is:   sandy

limestone  overlain  by  glauconitic,  rippled  sandstone  and  shale  in  abrupt  upper

contact  with lithofacies  8,  which  is  in erosional contact  above  with  lithofacies

D.   Lithofacies 8 contains a minor concentration of shale clasts and gravel at its

base.      This   sequence   could   possibly   represent   an   estuary   or   tidal   channel

(hithofacies  8)   that  'became   reworked  in   its  upper  portion  and  subsequently

overlain by tidal flat sands and flaser-bedded sands (1ithofacies D).

The  uppermost  cores  studied  (1JB,  WD2)  show  sequences  similar  to  these

described  from  other  deltaic  environments  (Swanson,  1979).    In  particular,  the
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association     of     coarse-grained,     non-fossiliferous,     cross-bedded     sandstone

(nthofacies 8)  overlain by interlaminated  shale,  silt  end sand (lithofacies F) and

carbenaceous  shale   is   simihr   to  a  channel   fin,   overbank,   floodplain-marsh

succession.       The   underlying   lithofacies   to   this   sequence   may   be   marine

sandstone-shale,  shale,   or  non-marine  shale.     This  would  be  compatible   with

deltaic  progradation  or  distributory  channel  migration.    Minor  glauconite  dces

occur,   notably   in   lithofacies  a   of   core   WD2,   which   indicates   some   marine

influence or I.eworking is likely.



CHAPTER rv

SANDSTONE PETROGRAPHY OF THE KEARNY FORMATION

Methods

Authigenic and detritial mineralogy of the  Kearny Formation  were  studied

in  117  thin sections  made  from  samples  from  the  eight  cores  used  in  the  study.

Thin section samples are numbered in Appendix A by core  abbreviation and depth

in feet.   An  thin sections were impregnated with blue epoxy to aid in recognition

of  porosity.     Some   thin  sections  were  stained   for   carbonate   cements   using

alizarin red-S and potassium  ferricyanide  fouowing the  method given by  Dickson

(1965).     Some   thin  sections  were  also  stained  for  K-feldspar  and  plagioclase

feldspar fouowing the method of Bailey and Stevens (1960).

In  order  to  characterize  the  overan  composition  and  pore  types  in  the

various. uthofacies represented in the cores,  55  thin sections were point counted.

Co.Jr,ts of 400 points were made using a standard rectangular grid system.   Fewer

points  were  counted  on some  coarse samples.   Grain size  was determined for 19

thin   sections   during   point   counting   by    measuring   the    long    axis    of    100

monocrystalline quartz grains (fewer on some coarser grained samples).

Supplemental   techniques   used   in   this   study   include   scanning   electron

microscopy    (S.E.M.),     X-ray    diffraction,     isotopic    analysis,    and    electron

microprobe  analysis.     Carbon  and  oxygen  isotopic  ratios  of  four  samples  of

carbonate   cement   were   determined   by   Cities   Service   Company   in   Tuisa,

Okhioma.
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Quartz

Quartz    grains   are    the   most   abundant   component   of   the   sandstone

framework comprising about  37  to 62  percent.   These  subangular  to subrounded

grains  range  in  size  from  coarse  silt  to  pebbles  (4  mm).    They  are  dominantly

monocrystalline  and  have  straight  to slightly undulose  extinction.    During  point

counting quartz  was empirically classified on the basis of extinction (Folk,  1980,

p.  73).   Strongly  undulose  quartz  is  the  rarest  type,  followed  by  semicomposite

quartz.    Polycrysta]line quartz  is abundant in lithofacies 8 of the upper  Kearny,

comprising 12  to 45 percent of the quartz grains.   Polycrystalline grains in which

the  component  crystals  have straight or snghtly undulose extinction formed one

category of quartz.   This  type  of grain  is quite variable.   Some  are  composed  -of

crystals  of  approximately  the  same  size  and  shape  (equant).    These  grains  are

simiinr  to  recrystallized  metamorphic  grains  (Folk,  1980,  p.  69).    Most  of  this

type  of polycrystalline  grain  is  composed  of crystals  of differents  sizes,  often

one  to  three  medium  to granular  crystals  with  several  fine  to  coarse  size  ones

that  may  occur together.    Another class  of polycrystauine grains includes these

in  which  the  component  crystals  are  strongly  undulose  or  semicomposite,  or  in

which  the  crystal  boundaries  are  crenulated.    Extremely  crenulated  boundaries

characteristic   of  stretched   metamorphic  quartz  (Folk,   1980,   p.   71)   are   not

present.   Only one or  two grains of quartz were observed that may be volcanic in

origin.     Such  grains   have   a  bipyramidal   shape   with   straight   sides,   rounded

corners, and embayments (Folk,1980, p.  69).

Vacuoles ("bubble  trains")  are  fairly  common  as inclusions in quartz grains

although  they  are  not  particularly  chundant.     Rutile  needles,  silnmanite  and
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feldspar  microlites  are  less  common  inclusions.     Some  intragranular  porosity

occurs  in quartz  grains,  which probably resulted from  the dissolution of feldspar

microlftes.

In  lithofacies  C,  D,  and  E  (core  lp),  quartz  grains have  been  coated  by

chlorite  and  subsequently  mainly  cemented  by  syntaxial  quartz   overgrowths.

Carbonate cementation  of quartz  grains  is  most  notable  in uthofacies  A and  E,

where it follows minor quartz  overgrowths.   Quartz grains are sometimes etched

by carbonate cements.

Feldspar .

Detrital   feldspar   constitutes   from   0   to  23   percent  of  the   framework

mineralogy.     These   fine   sand   to  granule  Size   grains   are   most   abundant   in

lithofacies  8  in  cores  ILO,  1JB  and  WD2(upper  Kearny),   -and  in lithofacies C  in

core   5LA.     These   cores  are   all  from   Morton   County.      Potassium   feldspar,

particularly  microcline,  is  the  predominant  type  present,  and  is  much  coarser

than associated plagioclase.   Microcline is recognized by its characteristc spindle

or  gridiron  twirming (Schoue,  1979, p.  17).   Plagioclase  feldspar  is recognized by

albite  twinning.    Feldspars  as  a  whole  are  distinguished  from  quartz  by  their

somewhat  weathered,   brownish  appearance.     Staining  was  also  useful  in  this

study in the recognition of feldspars (Bailey and Stevens,  1960).

Feldspar overgrowths  occur but  do not appear to be  abundant.   Altei`ation

of feldspars  is common,  including including dissolution  or   replacement by early

chlorite,  hate ferroan dolomite-ankerite,  hte kaolinite,  and sericite.   Alteration

is most notable in lithofacies 8.
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Skeletal Grains

Skeletal grains,  or fragments of fossils that are  made of calcite, range from 0 to

40 percent of the detrital framework and are characteristicany very abundant in

lithofacies  A.     These  grains  are  generally  coarser  than  much  of  the  quartz

fraction,  ranging from  medium sand to granule size.   Pelmatozoan grains having

unit   extinction   are   predominant,   many   of   which   are   recognized   as   crinoid

• fragments  (Fig.17).    Crinoid  ossicles  are  recognized  by  their  porous  structure

and,   particularly,   their   shape   (Schone,   1978,   p.      93-95).      Brachiopod   sheu

fragments and spines  are  the  next  most  abundant  skeletal grain.    These  grains

are  identified by their low-angle paranel fibrous structure (Scholle,  1978, p.   75).

Mollusk and bryozoan fragments are also represented.   Mollusks are  distinguished

by crossed-lamelar  wall structure  and  extinction pattern (Schone,  1978,  p.   81).

Neomorphosed skeletal fragments are  identified as bryozoans on the basis of the

shape  and  orientation  of  the  chambers (zooecia)  (Schoue,  1978,  p.  67-71).   Rare

miliolid foraminifera are also present in lithofacies A.

Skeletal grains are  usually cemented by a relatively  early-formed poikilo-

topic-overgrowth  calcite,  ferroan-calcite,  or  ferroan  dolomite-ankerite.    Some

have  been  rephced  by  ferroan  calcite  and  later by  ferroan  dolomite-ankerite.

Others appear to have been  dissolved,  and  the  resulting pores filled with  sparry

ferron caleite.

Glauconite

Glauconite in the form of rounded,  ovoid, green grains (pellets) is abundant

in all cores except  WD2,  1LG,  and lJB.   These pellets constitute 2  to 26  percent

of  the  framework  and  range  from  very-fine  to  coarse  sand  size.     They  are

recognized   opticauy   by   their   greenish   color   (sometimes   brownish),   earthy
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texture,    and   scaly    birefringence    (Burst,    1958;    Folk,    1980).        Traditional

interpretation  of  these  penets  is  that  they  originated  by  iron  and  potassium

enrichment  of  parent  illitesmectite  (Burst,  1958).     Recent  work  by  Odin  and

Matter  (1981`)  indicates  this  is  the  true  origin  of ginuconite  only  in rare  cases.

Their  interpretation  is  that  glauconite  forms  by  the  growth  of  a  glauconite

mineral (ghuconitic  smectite)  in  the  pores  of a  substrate.    the  most  important

factor  is  the  micro-environment.     Substrates  can  be  anything  that  is  porous

including fecal pellets,  skeletal grains,  rock fragments,  and  micas.   Some grains

observed  in  the  Kearny  Formation  represent  the  replacement  of  pelmatozoan

debris.   Glauconite  formation takes place on the  marine shelf (greater than 50  in

depth)  in  areas  of  slow  sedimentation  where  reducing  conditions  prevail  (Odin

and  Matter,  1981,  p.  636,  639).    A  semi-confined  microenvironment  within  the

substrate  is  necessary,  although  exposure  to  open  sea  water  is  also  needed  to

provide  a  source  of  ious  (Odin  and  Matter,  1981,  p.    639).   The structure  of the

pellets   observed   in   S.E.M.    this   study   resembles   smectite   or   mixed   layer

smectite-inite  According  to  Wilson  and  Pittman  (1977)  the  mineral  glauconite

may   morphologicany  resemble  smectite,   smectite-illite,   or  illite.     Odin  and

Matter (1981)  report  structures that  appear distinctive from  smectite,  but  they

suggest glauconite  minerals  may have  forms similar  to  other  phyllitic  and  non-

phynitic minerals (p.  616).

Despite  the  fact  th.at  these  glauconite  penets  resemble  smectite  (or  the

mineral ghauconite),  there  is evidence  that  they  may be  dominated  mineralogic-

ally by chlorite.   The birefringence of some penets suggests they have undergone

some alteration to  chlorite,  in that  in these particular grains part  or  all  of  the

grain   has   an   ultra-blue   anomalous   birefringence   characteristic   of   chlorite.
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Authigenic chlorite coats are better  developed  on glauconite  grains  than  on  any

otller  detrital  grains,   which  may  be  an  indication  the  grains  themselves  are

chloritic.   The  strongest  evidence,  however,  comes  from  X-ray diffraction data

obtained  on  samples  of  the  silt  and  clay-size  fraction.   These  data reveal that

samples particularly  rich  in glauconite  yield  very  prominent  chlorite  pecks  and

minor  peaks  that  may  in  part  reflect  the  glauconite  mineral  family  (Fig.  12).

Glauconite  pellets  that  are  composed  of  equal  amounts  of  chlorite   and  the

mineral    glauconite    have    been    documented    (Burst,    1958).        The    chloritic

compostion  may  have  arisen  in  two  ways.    Chlorite  could  have  formed  by  the

alteration  of smectite,  as  a  form  of  marine  diagenesis  (Grim,  1968,  p.  537).    In

addition,   or   alternatively,   the   mineral   glauconite   probably   has   altered   to

chlorite.   Dapples (1967)  believes this  is a common conversion that represents an

advanced stage of shallow burial diagenesis.

Phosphatic Grains

Detrital  grains  composed  of  phosphate  are  present  (up  to  1.2  percent)  in

lower Kearny sandstones.  Organic phosphate grains (shen fragments) are present

(Scholle,   1978,  p.   153,  Schoue,   1979,  p.   40).     Some  of  these  grains  have  been

fractured  during  compaction.    Inorganic  phosphatic  grains  range  in  grain  size

from  very-fine  to  very-coarse  sand  and  are  present  in both  inclusion  free  and

inclusion-bearing  varieties.     Quartz  grains  predomimte  as  inclusions  but  sheu

fragments  can  aiso  occur.    Some  phosphate  grains  exhibit  a  concentric  (ooid)

Structure  but  the majority  are  structureless.    Inorganic  phosphatic  grains  may

have   orginated   as   the   alteration   product   of   glauconite-fecal   penets,   as

intraclasts, or as ooids.
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Lithic Fragments

Rcok fragments comprise 0 to 31 percent of the framework grains.   Igneous

rcek fragments and shale chests are  the most abundant types present fouowed by

chert.      Metamorphic   rock  fragments  and  sntstone   fragments   are   rare   and

volcanic fragments are not present.

Igneous Rock Fragments

Igneous  rock  fragments  compose  0  to  20  percent of the  detrital grains  in

lithofacies  8.   These  grains  are  medium  sand  to  pebble  size.    Several  types  of

these  fragments  occur,  one  of  which  is  composed  of quartz,  K-feldspar,  and  in

some plagioclase crystals in the fine to very-coarse size range (Fig.13).   Another

type  of igneous rock  fragment  is  composed of finer-grained (microcrystalline  to

coarse silt) quartz arid K-feldspar, and may also contain coarser (fine to medium)

crystals  of quartz,  K-feldspar,  or  plagioclase  (Fig.  14).    A  few  of  these  grains

also  contain  muscovite.    A.  third  type  of  fragment  judged  to  be  igneous  is  K-

feldspar  that  contalus  smaller  crystals  of  quartz  and  sometimes  plagioclase.

Igneous  rock  fragments  are  recognized  as  such   on   the  basis   that   they  are

composed  of relatively coarse-grained  quartz,  feldspars and  muscovite (Scholle,

1979, p. 33).   These grains differ from volcanic fragments in that they lack hth-

shaped  feldspars  and  ferromagnesian  minerals (Folk,  1980,  p.    85).   Some of the

greater  than sand-sized fragments  that are composed of coarser  crystals  might

alternatively   be   classified   as   gneiss   fragments.      The   finer-grained,   often

feldspar-rich,     fragments   might  also  be  classified  as   hypabyssal  (Dickinson,

1970).   Feldspars in some have expel.ienced some dissolution and replacement by

sercite and kaolinite.
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Igneous  rock  fragments  are  not   listed   among   the   common   lithic   con-

stituents  in send§tones  (Pettijohn et al.,  1972, p.  187).   Presumably igneous rock

fragments  tend  to  break  down  readily  and  thus  are  not  generally  preserved.

Their   presence   in   upper   Kearny   sandstones   may   suggest   relatively   short

transport.

Shale Clasts

Grains  composed  predominantly  of  clay  minerals  and  lesser  amounts  of

quartz  silt,  and  which  have  a  certain  degree  of  structure  (fabric)  are  described

here  as  shale  clasts.    These  grains  are  present  in  all  sandstone  lithofacies  and

range in percent from 0 to 20.   They range  in grain size from  fine  sand to pebble

size.     Some  of  these  grains  may  be  true  sedimentary  (shale)  rock  fragments,

particularly those present in the marginal marine-deltaic sandstones of the upper

Kearny.   Because shale fragments are easily abraded it is believed that they can

only  survive  brief  transport  (Folk,   1980,   p.   88-89).     Those   grains   present   in

marine   Keamy  sandstones,  and  possibly  the  majority  of  such  fragments,  are

probably intraclasts.  Because of the uncertainty as to the precise origin of these

argiuaceous grains, they are referred to generally as shale clasts.

Most shale elasts are predominantly composed of clay minerals;  many have

a  preferential  orientation  (fabric).     Quartz  silt  may  or  may  not  be  present.

Commonly these grains are compacted and squeezed in between more competent

grains  ln  this   manner  they  constitute  pseudomatrix  (Dickinson,   1970).     Shale

clasts in upper Keamy sandstones may be  oxidized in that  they aLbpear orange  in

thin section.
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A distinctive type of arginaceous "grain" is pl.esent in addition  in core  lLG

(Fig.   15)   (uthofacies  a).     This   material  is  grain-nke   in  that  it  bears  some

indication  of  a  concentric  internal  structure,  and  it  dces  not  occur  dispersed

throughout  as  detrital  matrix  usually  is.    These  clasts appear oxidized,  contain

quartz  silt,  and  are  replaced  by  fine-grained  carbonate.     They  usuauy  have

undergone  dissolution,  which  makes  it  difficult  in  some  instances  to  recognize

them as grains as opposed to loose, silty angiuaceous detritus.

Because  these  grains are quite  different from  other  true shale  clasts  it  is

appropriate  to consider an alternative  origin.   This  material is not compacted as

other clasts in the  same section are.   Thus, possibly they were not deposited with

the rest of the detritus that subsequently underwent compaction, but rather  were

introduced later as mechanically-infiltrated clay matrix.   Crone (1974) has shown

that  mechnical-infiltration below  the  water  table  may produce  randomly distri-

buted void-fining flocculated aggregates.

Other Types

Chert  grains  recognized  in  thin  section  are  generauy  fine  to  coarse  sand

size,  composed  of  microquartz  (less  than  5  microns)  and  megaquartz  (greater

than  20   microns)  (Folk,   1980,  p.   79).     The  maximum  amount  of  chert  is  1-2

percent.      The   brownish   color   of   these   grains   may   be   attributed   to   liquid

inclusions (Folk,  1980,  p.   79).   These constitute the only inclusions present.   Two

metamorphic  rock  fragments  were  observed  in  thin  section.    These  grains  are

composed  of  relatively  coarse-grained  muscovite  and  are  interpreted  as schist

fragments  (Schone,  1979,  p.    31).   One  siltstone  rock  fragment  was  observed  in

thin section (Scholle,  1979, p.   29).
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Accessory   Minerals

Minerals  occurring  in  amounts  of about  one  percent  or less of the detrital

mineralogy include micas,  zircon, and tourmaline.   Among these,  micas (particu-

larly   muscovite)      are   more   common.      Micas   tend   to   be   more   commonly

associated  with  detrital  clay  haminae  and  matrix,  others  have  sometimes  been

bent during compaction.

Matrix

True  detrital   matrix  (protomatrix)   is   recognized  as  material  composed

predominantly  of  clay   minerals   with  quartz  silt  and  mica,   and   which   lacks

characterisitcs of shale  clasts (Dickinson,  1970).   This material is generally well-

dispersed  throughout  the  rock,  or  is present  adjacent  to  shale  laminae.    Proto-

matrix is present in the very-fine  to fine-grained sandstones of uthofacies D and

F.   It has also been introduced through bioturbation (lithofacies D and E).

Authigenic Mineralogy

Authigenic  miner.als  present  in  the  Kearny  Formation  sandstones  studied

include pore-nning and pore-filling cements,  a.nd  minerals that occur as replace-

ments or alterations of other grains and  cements.   A  wide  variety  of diagenetic

features occur.   A smaller number are  of prime importance in this study as they

exert some control on porosity ?nd permeability,  or have  the  potential  to  do  so,

ol.. might   interact   with   reservoir   stimulation   fluids.      Important   authigenic

minerals  include  quartz,   ferroan  calcite,   calcite,   ferroan  dolomite-ankerite,

chlorite,   and   kaolinite.      Authigenic   minerals   are   described   in   this   section;
~

diagenetic history, conditions of .formation, and source  materials are discussed in

a later section.
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Quartz

Authigenic  ayntaxial quartz  overgrowths  on detrital quartz  are  present in

all sandstone uthofacies, although their abundance has a wide range.   Lithofacies

C   bears   the   best   development  with   overgrowths  ranging  from   13.8   to   18.0
'

percent  of  the  rock  (Figs.  16,  17).    Lithofacies  D  and  E  (in  core  lp)  are  also

characterized  by  extensive  quartz  cementation.    The  pcorest  development  of

authigenic quartz  overgrowths (as  low  as  0.8  percent)  is  in  lithofacies  A  where

carbonate cementation is more important.

Overgrowths  are  mainly recognized by ''dust-lines" that mark  the boundary

between detrital grain and authigenic quartz.   Such lines  are  common  in  Kearny

sandstones  and  this  facilitated  the  recognition  of  overgrowths.    Euhedral grain

boundaries   and   protuberances   also   indicate   authigenic   overgrowths.       Where

chlorite   is   present   it   usually   pre-dates  quartz   overgrowths,   otherwis-e   they

represent the earliest cement.  Some chlorite has grown on quartz overgrowths.

Ferroan Calcite

Calcite  pore-fining cement containing 0.4  to 2.0  mole percent iron calcite

is  the  predominant  authigenic  calcite,  particuhrly  in  lithofacies  A  where   it

constitutes 20.8  to 34.8  percent of the rock.   Ferroan calcite is recognized after

staining as a I'oyal blue or purple color.   Lithofacies A in core lp differs  in  that

it  is  mainly  cemented  by  ferroan  dolomite,  with ferroan calcite cement ranging
'

from 3.2  to 6.8 percent of the rock.

Ferroan  calcite  is  clear,  generally  untwinned,  and  is  present  in  several

morphologies.   The  major  modes  of  occurrence  are  as  syntaxial  overgrowths  on

pelmatozoans   and   as   poikilotopic   cement   enclosing  quartz   grains  (Fig.   18).
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Poikilotopic cementation may  involve  one  hrge  crystal or  sever.al smaller  ones.

Crystal   mosaics   are   also   present.        Relatively   coarse-grained   subequant,

interlocking crystals is one  type of mosaic (Fig.  19).   Bladed crystals are present

developed on skeletal grains (Fig.  20).   This morphology may merge with smaller

equant crystals  in  the  center  of  the  pore.    Feproan  calcite  cement  is  an  early

authigenic mineral, pro-dated only by minor quartz overgrowths.

Calcite

As  revealed  by  staining,  non-ferroan  calcite  (stained  pink)  is  present  in

lithofacies  E in core  lp  (Fig.  21).   Calcite cement  ranges  in abundance  from  2.0

to  34.8   percent  of  the  rock.     The  distribution  of  this  poikilotopic  cement  is

patchy in  that  it  is associated with §c8ttered skeletal grains and  commonly  with

burrows.   The paragenic rehtion of calcite is simihr to that of ferroan calcite.

Ferroan Dolom ite-Ankerite

Ferroan    dolomite-ankerite    (21.0     to    34.4     mole    percent    magnesium

carbomte,   13.7   to  22.6   mole  percent  iron   carbonate)   is   another   authigenic

mineral that can be found in all sandstone ljthofacies, although it is most notable

in lithofacies A (1P), 8, and C (Fig.  22).   The  chundances  range  from  13.2  to 21.2

percent,   1.8   to   32.0   percent,   and   1.5   to   28.5   percent,   respectively.      It   is

recognized  by  its  rhombic  crystal  form  and  by  a  turquoise  color  when  stained

(Dickson,  1965).     The  distinction  between  dolomite  and  ankerite  is  made  at  a

mohr  iron  to   magnesium   ratio  of  one,   chove   which   the   mineral   is   termed

ankerite (Evamy,  1969).   In that the  molar calcium  to mangesium plus iron ratio

is   greater    than    one,    the    dolomite-anl{erite    in    these    sandstones    is    not

stoichiometric (Appendix 8).   Non-stoichiometric dolomite  is  thought to be  most
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common in modem rocks, but  is known in ancient rocks ranging to the  Cambrian

Period (Blatt, et al.,1980, p.   510).

Much of this  dolomite-ankerite has the curved crystal faces and cleavage,

and  the  sweeping  extinction  of  saddle  (baroque)  dolomite  (Radke  and  Mathis,

1980).   This  type of dolomite has been found as a replacement and a cement, and

in association with hydrocarbons,  mineralization,  and  sulfate-bearing  carbonates

(Radke and Mathis,  1980).

In  Kearny Formation sandstones ferroan dolomite-ankerite  most commonly

occurs  as coarse-silt  to  very  coarse  sand-sized  subhedral  to  euhedral  crystals,

which  are   isolated  or  grouped  in  clusters.     Almost  always  it  is  a  late  stage

repincement  mineral,  although  com.monly  crystals  extend  into  pore  spaces  and

act to cement grains.   Clay minerals in the form of glauconite,  shale chsts,  and

matrix  are   preferentiany   replaced   by   ferroan  dolomite-ankerite.      Feldspar,

quartz,  and  pelmatozcan  grains,   however,   are   included  among  rephced  (and

etched)   grains.      In   core   lp   (lithofacies   A)   ferroan   dolomite   is   pl.esent   as

syntaxial-poikilotopic  cement (8.0  to  17.5  percent)  as  well as a rephcement of

skeletal grains.

Chlorite

Authigenic  chlorite   is  present  in  all  sandstone  lithofacies  except  A  and

muddy units  such  as  lithofacies  E  in  core  5LA  and  lithofacies  D  in  ILO.    It  is

particularly  abundant  in lithofacies  C  and  in the  bioturbated sandstone  of core

lp,  where it ranges  from  2.1  to 11.8  percent  of the rock (Figs.  17,  23).   Chlorite

is recognized by its light green color, low birefringence, and platelet structure in

SEM  (Wilson  and  Pittman,  1977).    Chlorite  is  also  identified  in  this  study  by  X-

ray  diffraction.     An  authigenic  origin  is  interpreted  on  the  basis  of  a  number
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criteria  listed by  Wilson and  Pittman (1977).The  most  reliable  of  these  criteria

include:     pore-finings   that   are   missing  at  grain   contacts,   chlorite   covering

authigenic quartz,  and  the  radial  alignment  of  individual  plates  on  grains  (Fig.

24).

Chlorite  is  present as a patchy grain-coating to pore-nning,  to pore-filling

clay (Fig.  23).   Grain  coatings  are  the  earnest cement,  generally preceding,  but

also  post-dating  quartz  overgrowths.   The radial alignment of chlorite  phtes is

best   developed   on   glauconite   (chloritic)   penets   (Fig.   24).      The   relationship

between  authigenic  quartz  and  chlorite  is  further  discussed  in  the  section  on

diagenetic history.

Kaolinite

Kaolinite  is  another  authigenic  clay  that  is  notable  in  Keamy  Formation

sandstones,   particularly   the   upper   sandstones.       It   is   most   significant   in

lithofacies  8,  constituting  2.0  to  9.2  percent  of  the  rock  (Fig.  25).    Kaonnite  is

identified   in   thin   section   by   its   booklet   to   vermicuinr    texture   and   low

birefringence,  and  in  SEM  by  stacks  of pseudohexagonal plates (Fig.  26)  (Wiison

and Pittman,  1977).   X-ray diffraction also indicates the presence of kaolinite.

Kaolinite  occurs  most  commonly  as  a  replacement  of  K-feldspar  and  as

associated  pore-fimng  patches  (Fig.  27).    )t  also  is  present  as  isolated  pore-

finings  and  as  a  fining  of  secondary  pores  developed  in  shale  chsts,  detrital

matrix,  chlorite,  and  ferroan  dolomite-ankerite  (Fig.  25).    The  weu-developed

texture  and  inter-crystallineiporosity  suggests  an  origin  as  a  secondary  pore-

fiuing as opposed to direct replacement (Schone,  1979,  p.  157).   Most kaolinite  is

believed  to  have  ,formed  late  in  the  diagenetic  history  because   it  occurs  in

secondary pores resulting from dissolution of ferroan dolomite-ankerite.
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Cements

Relatively  rare  feldspar  overgrowths show  up  as unaltered  outer  rims  on

detrital K-feldspar and plagicohse cores,  some  of  which have been replaced by

sericite.

Other    less    common    or    abundant    cements    include    poikilotopic    and

repincement barite (Fig.   18).   Barite,  although not abundant,  is present  in litho-

facies   A   (1P),   8   (5LA),   C   (1LG),   and   E   (1P).      The   mineral   barite   has   a

birefringence similar to quartz but is distinguished by its higher refractive  index,

biaxial  figure,  orthorhombic  crystal  form,  and  two  perfect  cleavages  (Scholle,

1979,  p.  128).

An additional authigenic clay mineral observed in SEM is iuite.   Only a few

lath-like crystals were noted and interpreted as illite (Wilson and Pittman,  1977).

X-ray  diffraction  and  SEM  conducted  by  Cities  Service  Company  on  samples

from  core  WD2  (1ithofacies  8)  indicate  minor  amounts  of  mixed  layer,   illite-

smectite  clay  are  present (data from  Core  Labs report).   Chlorite and kaolinite,

however,  are  much  more  significant  in  this  core  as   they  are   in  au  Kearny

Formation §andstones studied.

Replacements and Alterations

A  wide  variety  of replacements  and  alterations are  present as diagenetic

features   in   Kearny   Formation   sandstones.       These   are   of   relatively   less

importance to this study,  so for the sake of brevity they are not discussed in the

text.  Table 3  is a summary Of replacements and alterations.
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TABLE   3

DIAGENETIC   REPLACERENT-ALTERATION   FEATURES

Lithofacies

cher`t/quar.tz  to  calcite

phosphate  to  calcite
shell  debris  to  calcite  (solution  fill)
glauconite  to  fine-gr`ained  calcite
shells  (bryozoans)  to  fine-grained  calcite

quartz  to  ferr`oan  dolonite-ank6r`ite
feldspar  to  fer`roan  dolomite-aLnkerite
clay/glauconite  to  fer`roan  dolomite-ankerite
shell  debr`is  to  ferroan  dolonite-ankerite

A,    D'    E,    F

A

A

A,E

A,E

A,    8,    C,    D

A'   a,   C

A,   a,    C,    D'    E

A'B

glauconite  to  fine-grained  ferroan  dolomite-anker`ite.   A,   E
glauconite  to  cher`t/chalcedony
pelznatozoans  to  cher`t/chalcedony
clay  clasts  to  barite
glauconite  to  chlor`ite
feldspar  to  chlorite
feldspar  to  kaolinite
shale  clasts  to  kaolinite  (solution  fill)
feldspar.  to  sericite
detrital  clay/1aminae  to  pyrite
detrital  clay/1aninae  to  hematite
ehlor`ite  to  mgnetite
detrital  clays/quar`tz  to  siderite  (Fig.  33)
detr`ital  clay/quar.tz  to  ir`on-fr`ee  dolomite

glauconite  to  phosphate

A

A

a
C,    D'    E

8'   C'   E

A,B

8'    C'   D

B,C

A(1B),    D(1B),E,F

8'   D,   E

D

D(ILO)

F(WD2)

D
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O ther Diagenetic Features-Processes

Several   other   dingenetic   features   are   present   in   Kearny   Formation

sandstones  that  indicate  the  occurrence  of  processes  other  than  cementation.

Included  are  the  porosity  reduction  mechanisms  bioturbation  and  compaction,

and porosity enhancement by dissolution.

Bioturbation

Biotufoation  of  interbedded  sands  and  muds  takes place penecontempora-

neously  with  deposition  and  is  believed  to  usually  result  in  porosity  reduction

(Jonas  and  MCBride,  1977).    Porosity  loss  results  from  a decl.ease  in sorting and

the   introduction   of   clays   into   pore   spaces   in   sand.      The   importance   of

bioturbation  in  reducing  porosity  appues  to  lithofacies  D,   E,  and  F.    This  is

particularly   true,   obviously,   where   shale   laminae   and   burrowing   are   most

abundant.

Compaction

Compaction  is  a  fundamental  mechanism  of porosity loss  that  takes place

by several processes:   grain slippage-rotation, deformation of ductile  and brittle

grains,  and  pressure  solution  (Jones  and  MCBride,  1977).    Compaction  begins  as

an early diagenetic process by the  first mechanism unless it is arrested by early

cementation.   PI.essure solution often is a relatively late process that takes place

with continued burial.   The  effects of compaction are  most  readily  identified  in

this study as deformed grains and pressul.e  solution.   Ductile grains are abundant

throughout  most  of  the  sandstones as shale  clasts and glauconite.    Deformation

and   flowage  of  some  of  these  grains  reflects  compaction  (Figs.   29,   30).     In
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addition,   brittle   and   elongate   micas   and   organic   phosphate   have   suffered

deformation and breakage and have thus served as a mechanism of compaction.

Pressure  solution has also taken place  in  Kearny  Formation  sandstones  as

evidenced   by ,the   presence  of  stylolites  (Fig.   31).      Stylolites   are   found   in

association with clay laminae,  within ferroan calcite cement, and along cement-

skeletal  grain  boundaries.    Solution  of  quartz  grains  and  carbonate  has  taken

place  in  the  formation  of  stylolites.    Sutured  grain  contacts  (microstylofites),

however,   are   not  an  abundant  feature.     The  total  effect  of  compaction  in

reducing porosity is discussed in Chapter Seven.

Dissolution

Detrital  ctrys,   shale  clasts,  glauconite,  feldspar,  and  ferroan  dolomite-

ankerite  have  all undergone  some  dissoluti`on.    Much  of  the  resultant  secondary

porosity  has been  filled  with  authigenic  kaolinite  (Fig.   25).   Secondary porosity

developed by the late stage  dissolution of feldspar and fel`roan dolomite-ankerite

replacements  of  feldspar  is  commonly preserved.   In lithofacies  8  this  makes a

substantial contribution to the total porosity.   Pore types are discussed further in

the section on petrophysical properties.





CHAPTER V

DIAGENETIC  HISTORY OF SELECTED  KEARNY FORMATION SANDSTONES

Paragenetic Sequence

The  diagenetic  history  of  the  sandstones  studied  is  summarized  by  three

general  stages:    1)  early  diagenesis,  2)  mainstage  diagenesis,  3)  hte  diagenesis.

Early diagenesis as iised here includes the formation of minerals prior to the  first

major pore-fining cement,  quartz overgrowthsL   Included are reactions that take

place   penecontemporaneously   with   deposition   and   soon   afterwards   such   as

91auconitization,   chloritization  and.  the   formation  of  pyrite.     Most  authigenic

chlorite  and  some  possibly  kaounite  pre-dates  quartz  overgrowths.     Mainstage

diagenesis  refers  to  the  formation  of  the  major  pore-fining  cements.    Quartz

cementation generauy precedes pore-fimng calcite,  ferroan calcite  and  ferroan

dolomite-a.nkerite.     Grain  replacements  are  also  inferred  to  have  taken  place

during this stage including that of shen fragments and fining of solution pores by

sparry   calcite,   and   ghauconite   by   calcite.         Late   diagenesis   includes   the

I)recipitation of ferroan dolomite-ankerite as a replacement mineral and cement,

dissolution  of  dolomite  and  K-feldspar,  and  kaolinitization.    It  is  difficulte  to

date   the .emplacement  of  oil  because   it   was   not   observed   in   thin   section.

Because   the   presence   of   oil   hinders   further   diagenesis   it   is   likely   that

emplacement  post-dates  au  other  diagenesis  (Longman,  1982,  p.  117).    Table  4,

located at the end of this chapter, is a summary of the diagenetic stages.
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Discussion

ln early  diagenesis  reactions  tock  place between  the  sediment  and  marine

waters during deposition (halmyrolysis)  and  soon after  deposition.   Fecal peuets

were  altered  to  glauconite  by  growth  of  the   mineral  glauconite  (glauconitic

smectite)  in  pores  within  the  peuets  (Odin  and  Matter,   1981).     Important  in

glauconitization  is `the  establishment  of  a  semi-confined  micro-environment  to

which  ions  may  transfer  from  sea  water (Odin  and  Matter,  1981).    Cloud  (1955)

summarized  factors  stiu  beneved  important  in  glauconite  formation  including:

slightly   reducing   conditions   often   associated   with   organic   matter,    marine

sannity, slow sedimentation, and low levels of turbulence.

In  lithofacies  8  (core  WD2)  it appears  shale  clasts and feldspars may have

experienced chloritization.   This possibiuty is suggested by the  light  green  color

(and brown)  and low birefringence of many shale clasts and x-ray diffraction data

(Cities Service Co.).   Feldspars  in this core appear also to have been replaced by

a clay mineral along cleavage traces,  which occured prior to dissolution. It seems

likely that this clay is chlorite,  and  may have formed during early chloritization.

The  alteration  of clays to chlorite (possibly also pertaining to fecal penets),  and

growth   of  chlorite   are   fairly  common   processes   of   early   marine   diagenesis

(Powers,   1957,  Grim,  1968,  p.  537,  Folk,  1980,  p.  94).    It  seems  probable  that

some authigenic chlorite grain coatings characteristic of lithofacies  C,  D,  and  E

originated  during early  diagenesis in the  marine environment.   An alternative or

additional mechanism by which authigenic chlorite  formed is by the alteration of

glauconite under conditions of shanow burial (Fig.  12).   Some glauconite observed

partiauy  exhibits  an anomalous blue birefringence  similar  to  chlorite.    Chlorite

coatings  are  also  particularly  well-developed  in  glauconite  pellets.     Dapples
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(1967)  befieves  the  alteration  of glauconite  to  chlorite  is  a  common  feature  of

low  temperature  phynomorphic  diagenesis.    Authigenic  chlorite  in lithofacies 8

of  core   WD2   may   have   originated  by   the   alteration   chloritic   shale   clasts.

Chlorite  is  most  abundant  in lithofacies  C,  D,  and  E,  where  glauconite  is  very

abundant and where early carbonate  cement  is  not  widespread.   This  nthofacies

association  may  be  due  to  fact  that  chlorite  origimted  by  the  alteration  of

glauconite.   In addition,  chlorite  may have been dissolved where conditions  were

favorable for early calcite cementation (lithofacies A, portions of D,  E).

Kaonnite  that pre-dates quartz  over.growths (Fig.  32)  in  lithofacies  a  may

represent   early   diagenesis   in   slightly   acidic   meteoric   waters  having  a   low

concentration of potassium  and  magnesium (Jones and  MCBride,  1977).    Alumim

and sihica most likely came from the weathering of feldspar, which is abundant in

this  lithofacies.   Alternatively,  the  feature in Figure 32  could also have  resulted

during  late  diagenesis,  given  that  most  alteration  of  feldspar  seems  to  have

occurred hte.

Authigenic pyrite is present as a repkeement of black clay laminae mainly

in lithofacies D.   This association is consistent with an early diagenetic origin in

the  marine environment under reducing conditions.   Pyrite is believed to form by

the reaction of H2S, which is derived from bacterial sulfate reduction,  with fine-

grained iron minerals (Berner et al.,  1979).   Intermediate sufides (Fe3S4, Fes|-x)

form   first,  from   which  pyrite   forms  over  a  period   of  years  by   the   general

reaction (Berner et al.,  1979):

Fe3S4 + 2 H2S   =    3  Fes2 + 4  H+ + 4 e-

Sideritization  is a process  that  may  take  place  during early  diagenesis  or

upon  deep  burial  (Jones  and  MCBride,  1977,  p.  80).    Fine  silt-to  fine  sand-sized
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spherules  end  rhombs  of  siderite  are  present  as  a  replacement,  particuhrly  of

detrital cloys,  in nthofacies D  in  core  lLG  (Fig.  33).   Because  siderite does not

repkee  authigenic kaolinite,  it probably formed prior  to  the  kaolinite.    h  that

the  crystals  of  siderite   are   in  part  coarser  than  microcrystauine,  and  also

replace quartz grains, sideritization possibly tock place during deep burial rather

than   during   early   diagenesis   (Jonas   and   MCBride,   1977,   p.   80).      Given   the

umvailability  of  calcium  and  magnesium  ions,  siderite  can  form  from  reduced

iron   and   bicarbonate   generated   during   decarboxylation   in  associated   shales

(Curtis,  1978).

•  Mainstage  diagenesis  began  with  the  precipitation  of quartz  overgrowths,

which are  extensive in au sandstones  except  in lithofacies  A and in lithofacies D

in  core  ILO.    Where  poikilotopic  calcite  or  ferroan  calcite  are  present,  quartz

cementation was superceded relatively early as can be seen by the  uncompacted

nature  of the grains (Figs.  18,  21).  in nthofacies D (1LG) quartz  overgrowths are

small,  perhaps because  interstitial  clays  inhibited  fluid  migration.    .Tnus,  with

some   exceptions   quartz   overgrowths   are   ubiquitous   features   of   mainstage

diagenesis.     Given  that  pore  fluids  are  supersaturated  with  silica,   the  major

problem  in  explaining  overgrowth  formation  is  accounting  for  the  migration  of

sufficient  pore  volumes   through   the  rocl(   (Blatt,   1979).     Blatt  suggests   this

problem  is resolved in many instances of early quartz  cementation by invcking a

model of verticauy  descending  meteoric  waters (1979,  p.    148).   Others believe

that  much quartz  cementation occurs at de.pth greater  than ground  water  flow,

and therefore the above model would be  inadequate (Jones and MCBride,  1977,  p.

71).
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Factors    that    incl.ease    silica    solubility    and    would    thereby    hinder

precipitation  include  pH  values  above  9  and  elevated  temperatures  (Joms  and

MCBride,  1977,  p.    68).    At  pH values  of  about  9  silica  tends  to dissolve  and  be

replaced  by  calcite.    In  the  sandstones  observed  in  this  study  early  calcite (as

weu  as  dolomite,  Fig.  22)  commonly  etches  quartz  and  feldspars.     At  depth

elevated  temperature  is a factor that would prevent the formation of authigenic

quartz.      Based   on   this   it    may   be    that   quartz   precipitates   when   rising

compactional  waters  cool  and  the  solubility   of  quartz   decreases  (Jonas  and

MCBride,  1977, p. 68).   Authigenic grain coatings,  such as chlorite  have  also been

shown  to  prevent  nucleation  of overgrowths (Lumsden and Pittman,  1968).   As a

whole authigenic chlorite has not been effective  in inhibiting quartz cementotion

in  the   Kearny  Formation  sandstones  studied.     Apparently  such  grain  coatings

were  discontinuous  and quartz  was  able  to  nucleate  and  over.grow  chlorite  (Fig.

17).

A number of sources of silica have been suggested with the  most important

considered to include:   dissolution (stylolitization) of quartz  associated with high

alkalinity or temperature,  clay mineral diagenesis, and carbonate replacement of

quartz  and  other  siljcates  (Jonas  and  MCBride,   1977,  p.  72).     Dissolution  may

account  for  some  authigenic  sifica  in  lithofacies  C  (5LA),  where  stylolitization

was  facilitated  by  clay  laminae.    Another  possible  source  of  silica  in  marine

Kearny Formation sandstones is the glauconite to chlorite transformation (Perez,

1978).   Kaolinitization of feldspar may have provided silica for  the  formation  of

authigenic  quartz.     Much  kaolinitization  is  believed  to  have  occurred  late  in

diagenesis.   Therefore  the  Feature  in Figure  32  may represent  minor  late  stage

silica cementation as opposed to early kaolinite.
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Calcite  and  ferroan  calcite  cementation  occurred  early  in  the  diagenetic

history in uthofacies  A  and  in parts D,  E,  and  F.   Quartz  overgrowths pre-date

these cements but are  minor.    Calcite  and  ferroan  calcite  occur  in  association

with  skeletal  detritus,  which  is  a  likely  source  for  much  of  the  material  for

calcite cementation.   Textures present  including isopachous bl&ded and syntexial

overgrowths   on   echinoderms,    are    characteristic    of   these   formed   in   the

freshwater  phreatic  zone  (Longman,   1981,   p.   100).     Ferroan  and  non-ferroan

carbonates can precipitate below the water table (Evamy,  1969, p.  791).

Microprobe analysis of some samples  of ferroan calcite cement reveals  the

following compositional ranges in  mole percent:   Cac03  94.0  to 97.9,  Mgc03 0.6

to 2.5,  Fec03  0.4  to 2.3,  and  Mnc03  0.3  (approximately 0.17  wL  percent  Mn++)

to 2.2.   Strontium carbonate content is so low as to be difficult to detect, but it

is  wen below  0.05  mole  percent.   The  significant  component  is  Mnc03,  with  a

rahge  of  abundance  suggestive  of  precipitation  from  meteoric  waters  (Meyers,

1974,   1978).     Because   of   low   concentrations   and  complexing  in   marine   and

subsurface  bpines,  manganese  contents  sufficient to  cause  luminescence  cannot

be  derived  from  these  fluids  (Churnet  et  al.,  1982,   Meyers,   1974).     The  lower

limit  of  Mn++  in  lumineseent  carbonates  is  on  the  order  of 1,000  ppm  (0.1  wt.

percent,   0.18   mole   percent)   or   even   less   (Pierson,   1981).      Therefore,   the

abundances  of  Mnc03  in  the  samples  analysized  is  wen  within  the  range  of  a

meteoric source.

Possibly  the  formation  of  calcite  cements  (and  replacements)  occurred

during   influx   of   meteoric   waters   associated   with   the   development   of   an

unconformity,   such   as   occurs   between   the   Morrowan-Atokan   and   Atokan-
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Desmoinesian  Stages.    Blatt  (1979)  summarizes  the  results  of  several  workers

that imply early calcite cementation is often related to unconformities.

Ferroan  dolomite-ankerite   is  a  late  stage  replacement  and  pore-fining

cement  that  is  present  in  all  lithofacies  in  differing  abundances.    It  is  meet

chundant  in  lithofacies  A,  8,  and  C.    )n  A  it  occurs  as  a  pore-filling  cement

where   cchcite   is  absent.     Quartz  overgrowths  are  better  developed  in  these

samples,  possibly  reflecting  that  dolomite  formed  late  relative  to  calcite,  and

therefore   quartz   precipitation   occurred   for   a   longer   period   of   time.      In

uthofacies a and C  ferroan dolomite-ankerite  is  irreguhrly distributed with  the

exception of some concentration in the lower portions of the nthofacies.

Ferroan  dolomite-ankerite  is  quite  common  as  a  late  stage  cement  and

replacement  in sandstones and  limestones.   It often forms from saline  waters at

depth  and  elevated  temperatures  (Land  and  Dutton,   1978,  Boles   and  Franks,

1979,   Moore   and   Druckmen,   1981).      Radke   and   Mathis   (1980)   suggest   that

barquue  doiomite  may be  indicative  of 60  to  150°C.   Oxygen  isotope  data have

been   used   to   support   elevated   temperature   conditions.      Delta  0[8   values

(relative  to  PDB)  on  the  order  of  -7  to  -8  are  typically  reported,  which  may

reflect  temperatures   weu  over  100°C  (Miuiken  et  al.,   1981,  p.   1404).     This

apparently  assumes  fractionation  from  saline  water  because  subsurface  water

analysis  usually  presented   indicates  a  brine   composition.     Delta  OL8   values

obtained  from  ferrcan  dolomite-ankerite  in  the  Kearny  Formation  relative  to

PDB   are   -6.04,   -6.23,   end   -6.93   (Appendix   8).      This   could   indicate   high

temperatures of formation, which would have probably resulted from a high heat

flow.   The  maximum depth of burial of the  Kearny is uncertain, but it is unlikely

it was a deep as 4,000  in (corresponding to approximately 120°C) (Milliken et al.,
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1981,  p.  1404).   Currently,  the  Kearny lies at a depth of about 1350  to 1900  in  in

the  study  area.    On  the  other  hand,  these  negative  delta  018  values  could  be

reflective   of   meteoric   water   in   which   case   they   would   not   be   useful   ds

temperature indicators (Pittman et al.,1982, p.1592-1593).

Materials  can  be  derived  from  clay  mineral  diagenesis,  decarboxylation,

and  dissolution  of skeletal detritus  and carbonate  cements,  which  take place  in

associated shales  or  in  the  sandstones  themselves (Curtis,  1978).   Ferroan dolo-

mite   in  impermeable  limestones  often  occurs  in  close  association  with  cloys,

whieh  are  believed  to  contribute  ious  from  the  smectitie-illite  transformation

(MCHargue  and  Price,   1982).     Carbon  isotope  data  is  used  to  indicate  source

material  for  biearbonate.     Delta  C]3   values  (relative   to  PDB)   from   marine

derived carbon tend  to be around zero.   The influence of organic carbon,  which is

derived  during  late  stage  diagenesis  from  decarboxylation,   tends  to  result  in

negative delta C]3  values.   Values on the order of -3 to -4 are typically r9ported

for   ferroan   dolomite,   and   are   interpreted   to   indicate   an   organic   source

(MCHargue  and  Price,  1982,  p.  883).   Similar values were  obtained fro'm samples

from the Kearny Formation:   corresponding to the above  oxygen values are  delta

CL3   =  -4.98,   -0.97,   and   -4.56.     Because  of  the  close  association  of  ferroan

dolomite  with  clay  minerals,  the  presence  of  ferroan  dolomite  replacement  in

impermeable  lithofacies,  and  the  delta C]3  data,  the  interpretation of MCHarge

and Price (1982) seems applicable to the Kearny Formation.   Thus materials  were

derived  from  internal  sources:    catious  hrgely  fl.om  clay  minerals  and organic

matter  and  bicarbonate  in  part  from  organic  material     Core  lp  may  be  an

exception   to   this   in   that  ferroan  dolomite   is  predominant  as  a  pore-filling
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cement  suggesting  precipitation  from  moving  pore  fluids  and  possibly  external

sources.

Micpoprobe   analysis   of  ferroan   dolomite   cement  indicate   a  very   high

Mnc02 Content (1.2  to 4.1  mole percent).   Strontium  carbonate  is  less  than  0.05

mole  percent.    For some  of the reasons discussed above,  for ferroan calcite this

high manganese content raises the qtiestion of a meteoric influence.   A  meteoric

origin is contrary to the standard model for late stage ferroan dolomite-ankerite,

which has precipitation taking place at depth below  the influence of fresh water

at high  termperature.   Dolomite  fl.om fresh water is an unusuch notion,  although

mixing zone  dolomites  have  been  reported  (Land,  1973).    With  the  exception .of

pore-fining ferroan dolomite-ankerite  in core  lp,  the  mode  of occurrence seems

inconsistent  with  precipitation  from  migrating  meteoric  (or  mixed)  waters.    If

this were the case  there would probably be more pore-fining dolomite and less of

a   predominant   association   with   cloys.      Also   under   such   conditions   ferroan

dolomite  replacement  might  not  be  expected  in  early  cemented  and  therefore

impermeable areas (nthofacies A).   Thus it is difficult to explain tlle high  Mnc03

content  of  ferroan-dolomite  in  Kearny  Formation  sandstones.    A  speculation  is

that   somehow   a   meteoric   imprint   was   preserved   from   an   earlier   meteoric

influence,  which  was  sufficient  to  contribute  manganese.    Alternatively,  this

may  be  an  indication  that  high  manganese  content  is  not strictly  a  fresh  water

indicator.

Kaolinitization   and   dissolution   of   carbonates   and   feldspar   took   place

subsequent  to  cementation  by   ferroan  dolomite-ankerite.     This   sequence   is

inferred   from   the   fouowing:     (1)   the   source   of  authigenic   kaolinite   is  the

dissolution and alteration of potassium feldspar, (2) ferroan dolomite  is not found
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in secondary pores within  feldspar,  (3) kaolinite  fills voids created by dissolution

of dolomite.

Dissolution of ferroan dolomite-ant(erite and K-feldspar created secondary

porosity,  especiauy  in  lithofacies  8.    Carbonates  and  feldspars  dissolve  under

acidic  conditions,   such  as  can  develop  at  depth  in  response  to  C02  or  H2S

released  during  thermal  maturation  of  organic  matter  (Schmidt  and  MCDonald,

1979).

The  conditions  under  which  kaolinite  forms  end  is  stable  are  well-known

and have been  outlined by  Keuer (1964).   One  such condition  is  a  low  pH  that  is

often nnked to organic  maturation.   This is consistent with  the above  mentioned

conditions  suggested  for  dissolution.    Other  important  factors  include    a  high

Alisi ratio and  low  concentrations  or  an  absence of calcium,  sodium,  potassium,

magnesium,  and  iron.    Potassium  feldspar  represents  a  highly  probable  in  situ

source  of aluminum  and  sincon.   The  form  the  aluminum  is  in  is probably  more

important  than concentration.   ]n order  for kaolinite  to form,  aluminum  must be

present as A1(OH)3   (A.  W.  Walton,  personal communication).   Kaolinitization of

feldspars  is  common  in  these  sandstones,  particuhrly  lithofacies  8  (Fig.   27).

Patches  of authigenic  kaolinite  often occur  in the  vicinity  of altered feldspars,

as weu as in secondary porosity in dolomite-ankerite.

Diagenesis  in  Kearny  sandstones  in  southwest  Kansas  is  similar  in  many

ways   to   diagenesis   in   other   Morrowan   Stage   sandstor.es.       Lower   Kearny

lithofacies A corresponds to  Adam's (1964) Type a sandstone as a lithofacies and

diagenetic   facies.      This   sandstone   is   ''glauconitic"   (chloritic),   fossiliferous,

poorly-sorted    and    cemented   with   poikilotopic   calcite    or   dolomite.       One

significant  difference  between  Type  a  and  lithofacies  A   is   that  commercial
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quality gas  reservoirs  occur  in  Type  8  as  a  result  of  dissolution  of  carbonate

cement.     Dissolution   in  uthofacies  A  has  a  minor  effect  on  glauconite  and

feldspar but  is  otherwise  not  evident.    Types  of  authigenic  minerals  aLnd  major

diagenetic  events  are  similar  in upper  Keamy sandstones (1ithofacies 8) and the

upper Morrowan sandstones studied by Kasino and Davies (1979).   They also found

chloi.ite,   kaolinite,   and   late   stage   ankerite   as  authigenic   minerals   in  upper

Morrowan  sandstones.    Their  sequence  of  diagenetic  events,  however,   is  more

compucated.      It   includes   an  early  stage  of  calcite   and  silica  cementation,

dissolution   of   unstable   grains   and    cement    fouowed    by    silica    and    clay

cementation.   This  was  fouowed t>y  ankerite  as  weu as calcite cementation and

then partial dissolution of these late cements.   Dissolution was very important as

in lithofacies a, although much involved carbonate cement as weu as feldspars. .
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TABLE  4

SUMMARY   0F   MAJOR   DIAGENETIC   FEATURES

emetic F eature

Ghaucohite

C hlorite

Quartz

C alcite

Occumence

A bundant in all uthcL
facies except 8 and
some  F

A bundant pardlcu]arly
in nthofaQies  C ,  D ,
some of E  and  F.   Also
present in lthofac[es 8.

Ubiquitous with the
exception of nthofacies
A.   Best development
in lithofacles E and F.

Lithofacies E
(Core  lp)

R e]atlve Tim e of Form ation

Syndeposltional

Eardy,  in oat pre-quartz
ovel.growths

Mainstage, probably began
pre-compactlon and  may
have continued over. a
long period of tim e.

M alnstage, pre-co in paction

Sour.ce  M ateria]s

Sea watel., substrate
experiencing glauco-
nltizatlon, undertly-
ing sedim ents.

Seawater., chys in
the sedin ent, gleu-
conite.

P osalbly so in e eartry
from  meteoric
waters.   FI.om  clay
in ineral diageneds
at depth.   Minor
a in ount f+a in
presLsure solution.

L argdy internal:
skdetal d etritus.



TABLE  4

SUMMARY  0F  MAJOR   DIAGENETIC  FEATURES  (conthued)

enetic Feature

FelToan  C alaite

Ferroan  D olo mite-A nkerite

Kadhite

Dissolution

occurrence Relative Time of Fol.matron Source Materus

P artlcuLarly chaLracterL
istie of nthofaches A .
Also occurs in  C,  D, and
some  F.

Widespread,  in ore abundant
in so in e of nthofacies A
and in uthofaQles 8,  C.

P articu]ardy abundant
and characteristie of
lithofacies 8.

Widespr.ead,  but  in ost
notable is dissolution
of ferroan dcho mite,
fchdspar in lfthofacies 8.

M ainstage, pre-co in paotion

Late-stage

Late-stage,  in ost post
ferroan dcho mite-ankerite

Late-stage, post ferroan
dchomite-ankerite

L ar.gchy internal:
skdetal detritus.
mon from unstable
iron compounds and
chy.

L argely internal:
catlons from  chays,
C 021n part fl.o in
decarboxyhation.
Posalbly also earner.
carbonate.

Predominantly
internal:  K -feldspar

A cid pore fluids
developed by input of
C 02 fhom  decarbon
xylation.



CHAPTER VI

PETROPHYSICAL PROPERTIES

Methods

Petrophysical properties determined  in  this  study  include  porosity,  perme-

ability,  and  pore-size  distribution.    This  work  was conducted in the Tertiary Oil

Recovery Project laboratories at the Un'iversity of  Kansas,  using methods similar

to   those   in   other   roRP   research   (Woody,   1983).      Raw   data   for   pore-size

distribution calculatious were obtained from samples of the Kearny Formation by

Core  Laboratories in Tulsa, Oklahoma.   Mercury porosimetry data taken by Core

Labs, Tulsa, Okinhoma, were used to calculate pot.e-size distribution..

Samples   used    in   the   determination   of `  petrophysical   properties   were

cylindrical  plugs  1.9  cm  in  diameter  and  1.4  to  3.5  cm  long.     These  were  cut

under 38  parts per  thousand  Nacl brine  from  the  cores  edj.acent to locations of

thin section samples.   Plugs  were cut  perpendicular  to  the  long axis  of  the  core

(horizontal),  and  no  attempt was made  to orient them relative to cross-bedding.

This  brine  was  used  throughout  the  testing  in  an  effort  to  maintain  conditions

close  to  what  they  are  in the  Kearny Foi-,T.aticn  currently,  and to stabilize clay

minerals.    A  value  of  38  parts  per  thousand  was  calculated  from  data  on  the

formation  water produced from the  Keamy  ct)tained fl.om  the Kansas Geological

Survey.

Four  measurements  of  the  length  and  six. of  the  diameter  were  made  on

each of the 91  plugs on which porosity and permeability  were determined.   From

the   average   of   these   measurements,   the   bulk   volume   of   each   plug   was

determined.   Plugs from  on-producing zones  were  extracted  with  toluene  for  12
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hours  to  remove  any  residual  oil.    The  plugs  were  au  then  dried  in  an  oven  at

750C overnight, and stored in a dessicator.

Effective  pol`osity,  which  is  the  ratio  of  interconnected  void  space  to  the

bulk  volume,  for  each  dried  plug  was  determined  by  standard  liquid  saturation

(Amyx,   et.   al.,   1960,   p.   43-52).     The  dry  plugs  were   first   weighed  using  an

analytical balance.   The plugs  were  then placed  in a  flask  and  evacuated  for  12

to  14  hours,  after which  time  Nacl brine  was admitted into  the flask to achieve

saturation.     The  satul.ated  plugs  were   weighed  and  stored  in  brine   until   the

completion of the  permeability  rurrs.   Effective porosity was calculated from  the

saturation data as  is outlined in Appendix C.

Brine   permeabilities  were  determined  on  the  plugs  using  a  Ruska  liquid

permeameter (Amyx,  et  al.,  1960).   Three  runs  of a known volume  of brine  were

I   :``Jiic:  .I  under  a  known  pressure.    Tt`e  times  for  each  run  were  averaged  and

per.meability was calculated as outlined in Appendix C.

Samples   submitted   to   Core   Laboratories   for   mercury   injection   were

leached  of  salt  using  wal.in  methanol  in  a  centrifugal  extractor  and  dried  to  a

constant  weight at  2100 F  (99°C.).   Mercury injection  was I.un on each sample at

incremental   pressul.es   from   3.0   to   2000   psia   (0.2   to   140.6   kilograms/cm2).

Volume  changes  of  mercury  were  measured  on  a vemier scale.    This  procedure

for  merc`iry  injection  is similar  to  that  employed  with  the  mercury  porosimeter

of  the  Tertiary  Oil  Recovery  Project.    Appendix  C  also  contains  a  summary  of

calculations   of   pore-size   distribution.      Petl.ophysical   data   are   compiled   in

Append:¥  8.    Statistics  of  these  data  are  compiled  in  Table  5  at the  end  of this

chapter.
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Porosity

Pore  types  present  in  the  sandstones  studied  include  preserved  primary

intergranular  pores  between  framework  grains;  secondary  intengranular  pores

resulting  from  dissolution  of  carbonate  cement  and  shrinkage  of  glauconite;

secondary intragranular pores resulting from dissolution of feldspar,  clay clasts,

and   glauconite;   and   microporosity   (intercrystalline)   within   masses   of   clay.

Fracture   porosity   does   not   occur   with   the   exception   of  rare   pores  within

fractured micas.   Lack of fractures reflects the fact that these  sandstones have

not  been  deeply  buried  or  subjected  to  major  tectonic  stress.     Intergranular

porosity   occcurs   primarily   as   pore   space   pl.eserved   between   quartz   grains

cemented by  overgrowths (Figs. . 34,  35).   The recognition of secondary porosity

has  been   outlined   by   Schmidt   and   MCDonald   (1979).      Secondary   dissolution

porosity can be found in all lithofacies but the type and relative amounts differ.

Feldspar dissolution is predominant in lithofacies a (Fig.   36).   This reflects both

the  abundance  of  feldspar an.d  +J`e  diagenetic  history.    Dissolution  of carbonate

includes that of  fossils and cement,  particularly  ferroan dolomite~ankerite  (Fig.

37).     Dissolution,   particularly  of  carbonate  cements,   is  also  of  considerable

importance in other upper Morrowan sandstones (Kasino and Davies,  1979).   Some

ferroan  dolomite  cement  that  replaced  feldspar  was  later  dissolved.    Kaolinite

fins   some   of   the   porosity   created   by   dissolution   of   dolomite   (Fig.    24).

Dissolution  of  clay  clasts is  inferred  from  the presence  of authigenic kaolinite,

presumably  filling  secondary  pores  within  the   clasts.     Weu-formed  kaolinite

suggests   later-in fining    as   opposed    to   alteration   (Scholle,    1979,    p.    157).

Secondary  porosity  is chso associated  with glauconite  and includes  both  dissolu-

tion and shrinkage (Figs.  23, 38).
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Microporosity  is  defined  8s  pores  with  pore-aperture  radius  less  than  0.5

microns  (Pittman,  1979).    Such  porosity  occurs  among  clay  minerals,  in  pore-

throats,  and between grains  and  overgrowths.    In  Kearny  Formation  sandstones

microporosity   would   be   associated   with   detrital  clays,   authigenic   kaolinite,

chlorite, and also in between authegenic quartz and chlorite.

The  amount  of  total effective porosity  as  determined  by  liquid  saturation

ranges from essentiany 0  to 21 percent (Fig. 39).   This figure is a plot of porosity

and  permeability by lithofacies.    It  can  be  seen  that higher amounts of porosity

are associated mainly with lithofacies 8, C, and D.   This corl.esponds  in part  with

cores from oil producing intervals in the Kearny Formation.

During   point   counting   porosity   types    were    tallied   as    intergranular,

secondary,  and  microporosity.    Patches  of  clay  were  counted as  microporosity.

Much  microporosity  is missed during point-counting and  therefore  total porosity

from  point-count  is  usually  less  than  that  derived  from  petrophysical  amlysis

(Pittman,  personal  communication).     The   difference   is   assumed  to  represent

microporosity.     In  some  cases  in  this  study  total  porosity  from  point-count

exceeded  the  value   from   liquid  saturation.     When  this  occurred  the   relative

amounts  of  porosity  types  were  taken  as  counted.     An  approximation  of  the

relative  proportions  of pore  types  that  make  up  the  total  porosity  can  thus  be

derived  (Pittman,   1979).     Such   data   fl.om   selected  samples  of  high  porosity

lithofacies  are  plotted  on  a  triangular  diagram  (Fig.  40).     This  serves  as  an

attempt  to  characterize  reservoir  quality  Keamy  sandstones  in  terms  of  their

geological (diagenetic)  and  petrophysical  properties.    From  figure  40  it  appeal.s

that lithofacies  C  and  D  tend  to  be  somewhat  more  dominated by intergranular

porosity than lithofacies a.   These are  lower  Kearny  sandstones  in  which quartz
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Fig.  40
Distribution  of pere types  in  some  samples from  lithofacies  8,  C,  and  D. Length  of  stem  in  this  lollipop

diagram  is proportional  to permeatlility.   size Of top gives  perosity.
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overgrowths  and chlorite  are  the predomimnt  diagenetic  minerals.    Mieropores

occur  in  association  with  chlorite  and between  overgrowths.    In  contrast,  upper

Kearny  Formation  sandstones  (nthofacies  8)  contain  significant  secondary  and

microporosity,  five  of  the  ten samples  from  this  tithofacies  have  over  half  of

their pores  of secondary  origin.   This corresponds  in part,  to  detrital potassium

feldspar content.    Feldspar has undergone  dissolution and  is  also a likely source

for kaounite, which contains microporosity.

Permeability

Permeability  to  brine  ranges  from  essentially  0   to  248   millidarcies  (Fig.

39).   The higher values,  as with porosity,  occur mainly in lithofacies 8,  C,  and D

(in  core   18).     rn  general,   permeability  increases   with   porosity   fonowing  an

approximately   linear   trend.   The   overan   correlation   between   porosity   and

permechility is 0.74,  and ranges  from  0.17  to  0.95  (Table  5).    The  correlation  is

poorest  for  nthofacies  D,  reflecting  the  textural  differences  between  samples

from   different  cores.     In  core  lLG   lithofacies   D   has   high   porosity  but  low

permeabihity  and  is  distinct  from  other  samples  of  lithofacies  D.    This  can  be

explained by abundant clay matrix and high microporosity.   Correlation is highest

for  nthofacies  C,  which  is  dominated  by  preserved  intergranular  porosity  and

therefore   is  expected  to  fonow  a  linear  trend.     This   is  consistent`  with   the

generalization that log permeabifity is proportional to the first power of porosity

(Pettijohn  et   aL,   1973,   p.   96).      'I'he   regression   coeficients   of   porosity   and

permeability  for  each  lithofacies  were  tested  for  their significance (Sokjal and

Rohlf,  1969,  p.  424).    The  results  indicate  that  none  of  the  coefficients  are

significant based on the number of data points and their scatter (Appendix C).   It

1
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is  therefore  not  ps§ible  to  conduct  an  analysis  of  coval.lance  to  determine  the

similarity of the different populatious (lithofacies).

in  figure  40  it  is  apparent  that  with  exceptions,  somewhat  higher  perme-

abmties  are  related  to  greater  intergranular  porosity.    Lithofacies  a  shows  a

scatter of points in the lower-half of the  figure.   These permeability values are

relatively   high,   reflecting   the   intercomected  pore  system   provided   by   the

preserved  intergranuhr  porosity.    Data points  of  lithofacies  8  (Fig.  39)  in  part.

fouow  a  direct  relationship,   which   may  also  be  an  indication  that  secondary

pores are interconnected (Kasino and Davies,  1979, p.  189).

Porosity  and  permeabiuty  values  that  depart  strongly  from  the  general

trend of points are  affected by additional  factors  such  as  clay  content,  patchy

carbonate cementation, and effective pore radii.

Pore-Size Distribution

A  small number  of samples (19)  was used  in  the  determination of pore  size

distribution by  mercury  injection.    Pore-size  distribution  is  an  additional petror

physical property used  to  characterize  reservoirs;  it  indicates  what  percentage

of pore  throats occur at various radii (Amyx et al.,  1960, p.   167).   The purpose in

doing  this   was   to  measure  effective  pore-radii  and   the  breakthrough  radius

(Pittman,  1979).

Approximate   breakthrough  pore   radii   are   included   in   Appendix   8.     It

appears  that between and  within lithofacies higher permeabinties  are  generally

associated   with   relatively   coarser   breakthrough   pore   aperture   I.adii.      The

correlation  coefficient  between  breakthrough   size   and   permeability   is  0.90.

Some,  but  not  all  of  the  higher  permeabilities  are  also  correlated  with  higher
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porosities.     Therefore,   botli  porosity  and  effective  pore  radii  correlate   with

permeability  as  follows:    relatively  higher  porosity  and  coarser  pore  apertrues

are  associated with  higher  permeabinties.   It can also be  seen  from  these  data

that the lowest permeabilities are associated with sman pore apertures and high

porosities (high microporosity).

Mercury   injection   curves   are   compiled   in   Appendix  8.     Samples   from

lithofacies  a  are  difficult  to  interpret  as  to  breakthrough,  but  they  indicate

generally  very  coarse  pore  apertures  but  a  wide  range  of  sizes.    Some  curves

from nthofacies C (core 5LA) and D (core 18) are  from  oil-producing intervals in

the  lower  Kearny,  and  they  indicate  relatively  coarse  bl.eakthroughs  and  weu-

sorted  pore  apertures (Pittman,  1979).    Coarser,  better-sorted (i.e.  smaller  size

range)    pore    radii    have    generally    been    found    to    correlate    with    higher

permeabilities (Pittman,  19?9,  Gaida et al.,  1973).



TABLE   5

STATISTICS   0F   PETROPHYSICAL   DATA

Por`osity  *                                                     Perneabillty  (md)

Standard
Range              Mean         Deviation              Range

Llthofacies  A         5.4  to  13.0         8.1

Lithofacies  B         2.5  to  18.9       13.7

Lithofa.cles  c         6.4  to  16.8        12.0

Lithofacies  D         6.6  to  21.0       14.5

Lithofacies  E         2.9  to   19.2       14.0

Lithofacies  F         0.2  to    7.11          3.9

Standard      Cor`relation    Regression
Mean    Deviation    Coefficient        Slope

2.3             0.01   to        0.91        0.214           0.33

4.4             0.04   to   248.tlo     tlo.33          52.32

3.2             0.02   to   176.4016.82           42.14

4.3             0.01   to      12.60        4.00             5.08

4.5              0.01   to      16.60        5.83              6.42

2.6              0.00   to        0.14        0.Ott              0.06

0.73                        0.21

0.70                        0.15

0.95                       0.35

0.17                         3.84

0.89                       0.22

0.79                    22.36

Cor`relation  Coefficients  -  x  =  Por`e  Size   (Breakthrough)

y  =  Porosity,   Per`meability

Por'e  Size  and  porosity  =  0.13

Por`e  Size  and  Permeability  =  0.90



CHAPTER vn

RELATIONSHlps AMONG GEoroGlcAL AND pETROpHyslcAL pROpERTIEs

One of the  main purposes  of  this  investigation  is  to attempt  to determine

the   associations   among   geological   properties   (processes)   and   petrophysical

properties.    Geological properties  such  as  mineralogy,  grain  size,  and  cements,

are  the products of geological processes such as sediment transport  and sorting

in     a    given     depositional     environment,     and     post-depositional    alteration

(diagenesis).        Diagenetic    processes    have    been    important    in    controuing

petrophysical    parameters.        Pore-filling    cements,    particuhrly    silica    and

carbomtes,   have   reduced   porosity   and   permeability  significantly   in   certain

lithofacies.   Compaction has also phyed a part in porosity reduction.  . Dissolution

has  been  important  as  a  process  of porosity enhancement.    Where  diagenesis  is

`not   acting   as   on   overriding   control,   textural   parameters   are . important   in

influencing petrophysical properties.

Diagenetic Controls

Authigenic Mineralogy

Pore-fining   cements   are   a   major   factor   associated   with   porosity   and

permeability  reduction  as  would   be   expected.      Many   of   the   relatively   low

porosity  and  permeability  values  in  Figure  39  correlate  with  compartively high
'

percentages of cements.  Table 6 is a summary of some samples  that were point-

counted,   which  shows  a  breakdown  of  pore-fining  cements  and  petrophysical

properties.    Total cement  is  cross-plotted  against  porosity  and  permechility  in

figures 41  and  42.   The overau correlation between total cement and porosity is

-0.58.

E=



TABLE  6

CEMENT  ABUNDANCES  AND   PETROPHYSICAL  PROPERTIES

SaLmple    Lithofacies  Silica   Calclte  Dchomite  Bardte    Chlorite  Kao]inite  Total     Porosity  Permeability
No.                                            (¢)           (A)            (*)                (S)              (S)             (*)                (S)              (%)                  (nd)

185747                 A

INA6064.5        A

INA6092.5       A

IP5959                 A

IP5975                 A

26A6010.9         A

W D2tl484           a

WD24485.3       8

WD24490.3       a

WD211497.8       a

wD2m97.9      8

WD24505           a

8.0                             5.8

0.8        34.8      -

3.5        3,.2      -

7.2              3.5        17.5

10.8              6.8          8.0

5.2           20.8         5.2

1.5

2.2                             0.5

1.0                               2.5

4.0

2.0

0.7                               9.3

1.5

0.2

0.8

0.5

5.0

1.0

3.5

6.0

3.5

2.7

15.3

35.6

34.7

28.4

26.4

31.7

6.5

3.7

7.0

10.0

5.5

12.7

10.4               0.07

7.4                0.91

6.9               0.05

8.4               0.07

7.6               0.08

6.3               0.02

15.0               0.83

18.7            75.8

14.P               8.22

16.9            45.3

14.6               7.85

2.6               0.04



Table 6 continued

CEMENT  ABUNDANCES  AND   PETROPHYSICAL  PROPERTIES

Sample    Lithofades  S]]ica   Calcite  Dchomlte  Barite    Chlor+te  KaQ]inite  Total     Porosity  Permeability
No.                                           (¢)          (¢)            (A)                (A)              (f )             (8)                (S)              (¢)                  (Dd)

1J85049.5        a

1J85053.5        a

1J85057.5        a

1J85057.6        a

1J85060.5        a

1LG5370            a

1LG5379             a

1LG5380            a

1LG5388.7        8

26A6053.7         C

26A6057              C

26A6061.5         C

3.0                                1.2

4.0                                1.5

1.0                                5.0

1.3                                a.7

-       11.0

3.6                             2.8

2.2

0.8         -       15.0

1.5

1.8

0.5

1.0

4.W

0.8                                     1.2

0.8

2.9                              5.6                                                        3.5

12.2            0.5            2.2

11.8              12.2          0.8

10.8         -        16.0

1.2

2.2

0.2

5.7             16.8            248.38

7.3             17.0            50.47

6.5               11.9

6.0             7.4

12.0            2.5

10.8               11.4

4.2              14.6

16.6               11.5

12.0              12.5

16.1               15.0

27.0             15.9

27.0           7.5

22.29

134.86

0.18

35.78

3.48

9.83

23.08

8.62

20.23

0.02



Table 6 conthued

CEMENT  ABUNDANCES  AND  PETROPHYSICAL  PROPERTIES

Sample    Lithofacles  Silica   Calclte  Ddlomite  Barite    Chlorite  KaQlinlte  Total     Porosity  Permeability
No.                                         (¢)          (¢)           (S)               (¢)             (8)            (f )               (¢)             (¢)                 (md)

5LA5619.5        C

5LA5631.5        C

5LA5635.3        C

5L A5640.2        C

185731.2            D

185739                 D

IP5933                E

IP5948                E

INA6057.3       F

INA6101.8        F

14.8

6.2                             8.2

5.5                             5.8

2.8                              3.8

16.2      -

17.5     -

10.2           9.8          0.2

q.5       35.2      -

2.2       6.5      -

12.0       22.2       -

1.2

1.0

0.8

1.0

P.5

2.5

0.2            3.5

3.2

overia]lcorrelatious:      Total  ¢  Cement and  Porosity (S)   = -0.58

Total  ¢  cement and  ±'ermeabiHty = -0.63

16.0

0.2                15.6

0.2                12.3

0.5                 8.1

20.7

20.0

23.9

39.7

21.9

34.2

16.8             176.42

13.2                2.24

13.9                 2.40

11.0                   0.12

8.9                    1.17

11.5                 12.59

16.6                 16.59

2.9                  0.01

4.7                0.08

3.3                0.00
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Fig .41
Porosity  versus abundance  of cement  for  sclmples  from  different  lithofacies.
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1

This   indicates   there   is   some   negative   correlation   but   it   is   not   a   strong

correlation.   For lithofacies A alone the correlation is better (-0.88).   The overau

correhtion  between  total  cement  and  permeabifity  (-0.63)  is  slightly  stronger

than between cement and prosoity.    Although these  correlation ccefficients are

not  particuhrly  strong,  there  does  appear  to be  a  trend  of  lower  porosity  and

permeability  with  greater  abundance  of  cement.    Points  that  do  not  exhibit  a

strong  control  by  cementation  may  in  part  be  explained  by  other  geological

parameters,  principally sorting.   In some cases the percentage total cement can

be  misleading  as  to  its  influence  on  porosity  and  permeabilityt    For  example,

petrographic   study   of  samples  J85060.5   (core  lJB.   depth  -  5060.5   feet)  and

WD24505  suggest  ferroan  dolomite-ankerite  is  the  principal  factor  responsible

for   reduction   of  porosity.      The   percentage   of  cement   in   these   samples  is

comparatively   low   overall.      Relative   to   other   samples   from   these   cores,

however, J85060.5  and WD4505  contain more than double the total cement.

Cementation  has been  most  extensive  in lithofacies  A.   As  a consequence

this  uthofacies as a whole  aces  not exhibit  favorable porosity and permeabinty.

In lithofacies F cementation and interlaminated to  interbedded cloys,  as  weu as

very-fine  grain  size   are   responsible   for  very  low  pol.o§ity  and  permeability.

Cementation has also  reduced  porosity  in  lithofacies  a,  C,  D,  and  E.    In  these

sandstones,  however,  cements are less abundant and occur in a limited or patchy

distribution,  preserving  primary  porosity  higher  permeability.    Patchy  cements

may  not  be  effective  in  reducing  permeabmty  when  the  sandstone  is  coarse

grained  or  very   wen-sorted,   with  consequent  good   porosity   and  large   pore

apertures.
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In addition  to  the  major  silica  and  carbonate cements,  authigenic  chlorite

and  kaolinite  have  influenced  petrophysical properties by  adding  microporosity.

Chlorite  grain  coatings  have  not  significantly  acted  to  maintain  porosity  by

hindering   quartz   cementatiorL      Pittman  (1979)   has  shown   that   argillaceous

sandstones  having  predominantly  microporosity  also  have   low  permeabilities,

typically  in  the tenths  of a  millidarcy range.   The effect chlorite  and kaolinite

have  had  on permeabifity  is  minimal,  particuhrly  in  comparison  to  other  pore-

fining  cements.    Total  microporosity  as  a  whole,  and  with  respect  to  samples

containi.ng   abundant   chlorite   or   kaolinite,    is   considerably   less    than    that

dceumented  by  Pittman.     Petrographic  and  S.E.M.     observations  reveal  that

authigenic cloys occur in patches, with primary and secondary pores remaining to

a hrge degree free of thick clay-linings and finings (Figs.  34, 36).

Compaction

Diagenetic  features  indicative  of  compaction  were  discussed  pt.eviously.

The  sum  effect  of  the  various  meehanisms  of compaction on porosity  reduction

can be estimated by the fonowing formula (Jones and Mcl3ride,  1977, p.  42):

0 loss by compaction = ¢ initial - (0 present + % cement)

where: 0 initial = porosity at the time of deposition

a  present  =  present porosity from core plug or point-count analysis

% cement = total cement percentage from point-count.

This  formuh assumes compaction  takes place prior  to cementation.   In t`he  case

of lithofacies A this is not strictly the case because stylolites were noted to have

developed   after   cementation   by   ferroan   calcite.      Initial   porosity   must  be

assumed.   Jones and MCBride suggest 45 percent  for clean sands  from point bars,
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beaches,  or  dunes  (Jonas  and   MCBride,   1977,   p.   42).     Beard   and   Weyl  (1973)

showed  that  sorting  has  an  effect  on  the  porosity  of  artificiany  wet-packed

uncousolidated sand.    It  may  therefore  be  more  accurate  to use  assumed  initial

porosities that are adjusted to sorting.   In calculating estimated porosity loss by

compaction  for various clean samples,  the  initial porosities  assumed  were  taken

from  Beard  and Weyl (1973,  p.  352) as adjusted to grain size and sorting.   Table 7

contains the results of these calculations.

It appears that compaction has been most significant in lfthofacies 8 and in

core  5LA  (lithofacies  C),  with  the  exception  of  the  upper  portion  (5LA5619.5).

Compaction  was  aided  in  lithofacies  a  by  ductile  shale  clasts  (Fig.  28).    Shale

clasts,   matrix,  and  pressure   solution   facilitated  compaction  in  lithofacies  C

(5LA) (Fig.  31).

Dissolution

The effects  of dissolution as a diagenetic  L.rcoess of porosity formation can

be seen  in glauconite,  ferroan dolomite-ankerite cement,  and potassium  feldspar

predominantly.    Dissolution  is  most  notable  in  nthofacies  8,  involving  feldspar

and   ferroan  dolomite-ant(erite   cement.      Secondary   intragranular   porosity   in

potassium  feldspar  is  very  wen-exhibited  in  core  WD2  (Fig.  36).    Dissolution  of

the dolomite  is best developed  in core  lLG,  although kaolinite  fills  some  of  the

resultant pores (Fig.  24)

In  lithofacies  8,  secondary  dissolution  porosity  exceeds  primary  porosity

and  ranges  from  about  30  to  80  pe`Eg.ent  of  the  total  porosity.    This  porosity

probably  represents  at  least  in  part,  effective  porosity,  and  therefore  likely

contributes  to permeability.    In  other  upper  Morrowan  sandstones  dissolution  is

important in creating the total effective porosity (Kasino and Davies,  1979).



TABLE   7

POROSITY   REDUCTION  .BY   COMPACTI0N

185747
1NA6064.5
1NA6092.5
1P5959
1P5975
1P6010.9
WD24484
WD24485.3
WD2tl t'90 . 3
WD24497.8
WD24497.9
WD224505
1J85049.5
1J85053.5
1J85057.5
1J85057.6
1 J85060 . 5
1LG5370
1LG5380
1LG5379
1LG5388.7
2GA6053 . 7
2GA6057
2GA6061 . 5
5LA5619.5
5LA5626.5

r

L-Facies        Grain  size'

Lower`  Fine
Upper  Coar`se
Lower`   Coar`se
Upper`  Coarse
Lower  Coar`se

mod.   well
mod.  well-well
mod.   well
mod.   well
mod.   well

Lower  Coarse                     mod.   well
Upper  Medium                      poor
Lower  Ver`y  Coarse         mod.   well-well
Upper`  Very  corase         well
Upper  Medium                      mod.   well
Upper  Coarse
Lower  Gr`anule
Upper  Coarse
Lower  Caorse
Lower  Very  Coar`se
Upper.  Very  Cor.ase
Very  Coarse-Gr`anule
Upper  Coarse
Upper  Coarse
Upper.  Coarse
Upper  Coarse
Lowari   Coar.se
Lower  Coar`se
Upper.  Medium
Lower  Medium
Upper`  Fine

well

well
well
well-well
well-well
well

p±(S)3         cement(*) Porosity(¢)         Porosity
Reduction(¢)

P
C>
On
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TABLE   7   (continued)

POROSITY   REDUCTION   BY   COMPACTION

L-Facies          Grain  sizet

5LA5631. 5
5LA5635 . 3
5LA5640 . 2
5LA5648.2
5LA5641. 3
185731. 2
185739
1P5933
1P59ll8
1 NA6057 . 3
1 NA6101. 8

Lower  Medium
Upper  Medium
Medium-Coarse
Lower`  Coarse
Upper  Coarse
Upper  Fine.
Upper  Fine
Lower  Fine
Lower  Fine
Upper  Very  Fine
Upper  Very  Fine

very  well
ned.  well-well
mod.   well
well
mod.   well-well
mod.   well
well

p±(S)3         cement(*) Porosity( S )         Porosity
Reduction ( S )

'Most  measurements  based  on  visual  estimates,   some  on  actual  measurements  of  long  axis  of  grains.

2Sorting  estimates  based  on  visual  comparaters  -Beard  and  Weyl   (1973).
I

3Pi   is   the  assumed   initial   porosity.     When  sorting   or   grain   size   ls   borderline,   values   from  different
categories   were   averaged.      For   grain   sizes   of   very   coarse   and   above,   no   Pi   values   were   given.      The
highest   values   given   by   Beard   and   Weyl   was   used    in   this   instance.       (EstimaLtes   fr`om   Beard    and    Weyl,
973) .

4Values   of  0.0   reflect  negative   calculated   values.      As   negative  values  are  meaningless,   they  are   taken
to  essentially  reflect  very  little  or  no  pot.osity  reduction  due  to  cotnpaction.
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i.

Grain Size

Mean grain size  determinations  were  made  on 19  thin sections from Hthcr

facies 8 and C, from cores lJB, WD2, and 5LA.   Cementation does not appear to

be  an  overriding  control  on  petrophysical  properties  in  these  cores,  and  and

therefore grain size was investigated as a possible controuing factor.   Grain size

is   a   textural   property   that   controis   permeability   in   such   a   manner   that

permeabinty   generany   increases    with    grain   size,    while    porosity    remains

unchanged  (Pettijohn  et  al.,  1972,  p.  525).    Smaller  grain  size  results  in smaller

pore  throats  and  therefore  lower  permeability.    In  light  of  this  the   correlation

between   permeabinty   and   grain   size   for   the   19   samples   overall,   and   by

nthofacies is poor (Fig. 43).   Correlation coefficients are -0.10,  (lithofacies  D),  -

0.53  (nthofacies 8),  and -0.62 (1ithofacies  C).   This indicates grain size is not the

predominant control on permeabihity in these cores.   A poor correhtion between

grain size  and petrophysical properties in hithofacies 8 is similar to data obtained

by  Kasino and  Davies (1979).    They  attributed  this  to  the  control  of  secondary

por?sity,  which  may also apply to lithofacies a.   In lithofacies C for samples that

have  hrger  mean grain sizes,  sorting is poorer,  pore  apertures are smaller.,  and

microporosity  is  higher  (below).    These  factors  are  responsible  for  controriing

permeability.    For  some  similar  porosity  samples  from  lithofacies  of  different

grain sizes,  permeabmty does appear to increase  with grain size.   These samples

are plotted as triangles in Figure 43.
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Other Textural Controls

Other textural characteristics that exert a control on petrophysical proper-

ties include sorting,  packing (compaction)  and the presence  of  interstitial  cloys

(or   microporosity).      These   factors  are   beueved   to   be   important  in   Keamy

Formation  sandstones   in  certain  lithofacies.     In   general   poorer   sorting   and

tighter packing result  in lower porosity and permeability (Pettijohn et al.,  1972,

p.  525).     Lower  permeability  results  from  smaller  pore  apertures.     Abundant

microporosity is associated with low permeabhity (Pittman,  1979).

In  core  5LA  (lithofacies  C)  the  upper  portion  of  the  interval  tends  to  be

better  sorted,  less  compacted,  and  has  relatively  low  microporosity,  and  these

factors  contribute  to  higher  porosity  and  permeability  (Tables  7  and  8).    It  is

notable  that  sample  5LA5619.5  has  a  high percentage  of intergranular porosity

(71.1%  of total porosity)   and a very coarse breakthrough  pore  aperture  size  (17

microns).       High   percentages   of   primary   intergranular   porosity   are   usually

associated   with   larger   pore   aperatures   and   high   pet'meability,    which   are

indicative  of a  good reservoir (Pittman,  1979).   These geological parameters are

likely to affect petrophysical properties in lithofacies 8 in a similar way, but  the

data obtained do not clearly support this.

The  importance  of  abundant  clays  in  reducing  permeability  is  evident  in

lithofacies  D  (core  lLG)  (not  represented  on  triangular  plot)  and  E  (core  5LA).

Abundant  matrix  clas  resultant  in  a  smau breakthl.ough pore  aperture  size  (0.9

microns)   and   high   microporosity.       Permeability   is    thel.efore   low   despite

sometimes high porosities,  due to clay adsorption (Table 5,  1LG5368.5).

In addition,  the  scale  of  sedimentary  structures  is  a  probable  factor  that

contributes    to    permeabifity    differences    between    rippled    and    hminated
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TABLE   8

PORE   TYPE   DISTRIBUTION   AND   MEAN   GRAIN   SIZE

Sample  No.

WD24484
WD24485 . 3
WD24490.3
WD24497 . 8
WD24497 . 9
IJ85049.5
IJ85053.5
IJ85057.5
IJ85057 . 6

5LA5619.5
5LA5625 . 3
5LA5626.5
5LA5631 . 5
5LA5635 . 3
5LA5640.2
4LA5648..2
5LA5651. 3

Lithofacies Porosity ( ¢ ) Permeabilit

0.83
75 . 38
8.22

45.29
7.85

248.39
50.47
22.29

134.86

176 . 42
0.22
il . 00
2.24
2.40
0.12
0.12
0.10

P r.imary            S econdar`y
Porosity(¢)     Por`osity(¢)

71.1
66.7
55.0
50.0
48.6
29.9
19.4
0.0

Micro orosit

Gr`ain
Size

(¢)      (un)

0.51
1.04
1.51

0.37
0.82
0.83
0.61
1.51

1.74

6.0                0.34
7.7               0.34

39.0               0.23
6.4                0.32

40.6                0.35
74.8               0.49
54.8               0.54

100.0                0.74
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lithofacies  D,  and  cross-bedded  and  structureless  lithofacies  C  and  a.    Small

scale   structures   have  been  shown  to  be   important  in  I.educing  permeability

(Marafa,1980).

Table    9    is    an    attempt    to    summarize    the    effects    of    geological

characteristics  on petraphysical  properties  in  the  sandstone  lithofacies  investi-

gated.
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TABLE 9

SUMMARY OF GEOIOGIC  C(}NTROLS AND  PETROPHYSTCAL PROPERTIES

Lithofacies Geologic Controls

Primarily abundant pore-filling ferroan
calcite.   Pol.e-filling quat.tz and
ferroan dolom ite.

Complex:   involving grain size, sorting
amount of micro-porosity, abundanee
of shale clasts and compaction,  fel`poan
dolomite-anl{erite cement.

Dissolution of dolomite,  feldspar

Pore-fining quartz, ferroan calcite
minor ferroan dolomite.   Sorting,
amount of microporosity,  inter-
granular porosity,  compaction important.

Petro sical Pro erties

Overall low porosity and permeabi-
lity.

Genel.any high porosity, permea-
bility, coarse pore size distribu-
tion.   Coarse grain size - coarse
pore sizes.   Poor sorting; greater
in icroporosity, shale clasts, ferroan
dolomite-ankerite - lower porosity
and permechility.

Pot.osity enhancement

Wide I.ange of porosity, permeabi-
lity,  pore size distribution.
Cements -porosity, permeability
reduction; not always important.

F:::ent:¥er:Deter;:anusinorrtfpng;os#h
relatively less compaction - coarse
pore sizes and high permeability.
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TABLE 9

SUMMARY 0F GEOIDGIC  CONTROLS AND PETROPHYSICAL PROPERTIES (continued)

Lithofacies

E (Clean)

Geologic Controls

Variable:   Pore-fining quartz,  ferroan
calcite.   Grain size,  ripple cross-lami-
mtton, abundance of microporosity
associated with detrital cloys and shale
clasts.   High percentage of inter-
granular porosity.

Pore-filling quartz and patchy
calcite.   Abundant preserved intergra-
nular porosity.

Petro sical Pr erties

Porosity - moderate to high.

:iegrhTe?3i!tsyiz-el:!ttr:bT:i::r:tely
fine to moderately coarse.   Fine
grain size,  ripple lamination and
microporosity -fine pore sizes, low
permeability,       sometimes       high
porosity.   Intergl.anular porosity -
moderately high permeability.

Low to moderately high porosity,
permeability.   Moderately course
pore size distribution.
Patchy calcite - low porosity and
permeability.   Lack of calcite,
pl`eserved intergranuhar porosity -
higher porosity, permeability.
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TABLE 9

SUMMARY OF GE0roGIC  CONTROI.S AND PETROPHYSICAL  PROPERTIES (continued)

Lithofacies

E (Muddy)

Geologic Controls

Poor-sorting,  abundance of micro-
porosity.   Some pore-filling qual`tz,
ferroan calcite

Variable:   Pore-filling quartz and ferroan
calcite, fine grain size.   Interlaminated
cloys.

Petro sical Pro erties

Low to moderately high porosity,
low permeability.   Fine pore Size
and abundance of microporosity -
fine pore sizes and low permea-
bility.

Low porosity and permeability.



CHAPTER  VTII

IMPLICATIONS FOR  ENHANCED RECOVERY  IN THE KEARNY FORMATION

Concerning  the  cores  used  in  this  study  oil  production  has  come   from

lithofacie§ C (5LA) and D (18) of the lower Kearny, and from lfthofacies a in the

upper part  of  the  formation.    These  lithofacies  also  have  the  highest    porosity

and   permeabinty,   and   coarsest      pore   sizes   of   all   fithofacies.      Favorable

Petrophysical   properties   also   occur    in    the    clean,    bioturbated    sandstone,

lithofacies  E  in  core  lp,  but  this  interval  was  not  productive.    Thus,  further

considerations  rehtive  to  enhanced  recovery  are  fcx}used  on  sandstone  lithcr

facies a, C, D, and E.

It  is  important  to  understand  the  reservoir  and  its  heterogeneities  on  a

scale  ranging from  field size  to the pore network  itself,  in order to simulate  the

reservoir  and  evaluate   its  enhanced  recovery  potential  (Ebanks,  1977,  Harris,

1975).    This  ir`.valves  geology  in  rock,  framework,  and  reservoir quality  studies

(Harris,  1975,  p.  626).    This  thesis  details  geologic  aspects  and  controis at  the

lower  end  of  the  scale,  as  opposed  to  reservoir geometry  and  thickness  trends.

Therefore,  only  the  factors controning fluid flow in the important cores studied

and  the  associated  autnigenic  minerals  are  discussed  here,   in  terms   of   the

impncations for enhanced recovery.

Fluid Flow

ln   order   to   simuhte   flow,   it   is   necessary   to   know   which   geologic

parameters  control  trends  of  porosity  and  permeabinty  within  the  reservoir.

Since  the  cores  used  in  this  study  differ  as  to  depositional  environment  and
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lithology,  it  is  not possible  to  construct  a general reservoir  model based  on .the

Control offered by the eight cores.   On the other hnd, the cores may be discussed

individually as to how fluid flow might be controued in a reservoir composed of a

particular lithofacies.   This presumes that the lithofacies described in this study

maintain  the  same  characteristics  for  some  distance  laterally.     It  should  be

pointed  out,  however,  that  core  control  of  this  study  is  inadequate  to  support

that  presumption.      More   cores. are   needed   from   the   different   lithofacies-

reservoir types, as well as a closer spacing of cores.

In  the  lower  Kearny,  lithofacies  C  (2GA,  5LA),  which  probably  represe.nts

offshore bars,  higher porosity and permeability  were found to occur  in the upper

half of the rock unit (Appendix A).   Thus  flow  would be  directed  to  this portion

of  the reservoir.    In  core  2GA  grain size  is sughtly coarser in the upper portion

of  uthofacies,   which   is  a  possible   factor  for   the   coarse   breakthrough   pore

apertures  and  the  higher  permeability.    Total  porosity  is  higher  in  the  upper

portion.    In  core  5LA  sorting  is  better  in  the  upper  portion,  microporosity  is

lower,   primary  porosity  is  higher,  compaction  is  less  significant  and  break-

through pore apertures are coarser.   (Tables 7  and 8).   These factors  explain  the

higher permeabmty.   Some low permeabilities do cecur in the upper part of core

5LA.    Permeability trends that might control fluid flow are not so pronounced in

the    other   lower   Keamy   lithofacies   studied.       Good   permeabilities   occur

throughout much of the producing sand  in core  18  (lithofacies  D),  but  reduction

occurs   in   the   upper   0.7   in   that   is   related   to   a   combination   of   geologic

parameters.   The bioturbated sandstone in lp  (1ithofacies  E)  is characterized by

Patchy calcite cement  throughout  that reduces permeability  in a similar patchy
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distribution.   Relatively high permeal]ilities do occur here, but  the  interval does

not seem to be broken into Separate flow units.

Upper  Kearny  reservoirs  do  not  show  a  vertical  trend  of  porosity  and

permeability  within  the  main  rock  unit  (nthofacies  a).    These  sandstones  were

prchably deposited in a deltaic environment, possibly in distributary channel fins.

Although  they  are  copped  by  impermeable  interlaminated  shale  and  sandstone

(uthofacies  F)  and  shale,  a  fining-up  sequence  is  not  weu-developed  through

lithofacies  8  as  is  characteristic  of point-bar sandstones (Reading,  1978,  p.  33-

34).    In  the  point  bar  model  because  grain  size  and  st.ructure  scale  decrease

upwards,  greater porosities and permeabhities occur from the middle of the sand

body  downward  (Ebanks,  1977,  p.  102).    Given  such  a  model,  fluid  flow  may  be

simuhted to take into account the heterogeneity of permeability.   In the case of

nthofacies 8,  the geologic controls are complex,  involving grain size, pore  type-

distribut.ion  of clays,  and  cementation.   Average grain size ranges from  medium

sand  to  granule  size,  but  does  not  seem  to  exert  a  predominant  control  on

permeabmty  (Fig.     43,  Table  8),   in  fact,   grain  size  and  permeability  seem

inversely   rehted.      Higher   total  porosity   is   in   part   associated   with   higher

permeabmty.    In some  cases abundant  microporosity  is  a likely  factor resulting

in  relatively  lower permeability,  although  this  is  not  applicable  overall.    These

controls  do  not  appear  to  fouow  a  well-defined  vertical  trend  and  therefore

permechiHty  does  not  follow  a  pattern  relative  to  the  vertical  position  within

lithofacies a.   Reservoir simulation would seem to need a more complex, possibly

statistical method to convey  the  distribution  of permeability  in  this  lithofacies.

One  factor,  however,  that appears  characteristic  in lithofacies 8  (1JB,  WD2)  is

that  the  basal  0.3  in  is  completely  cemented  with  ferroan  dolomite-ankerite,
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Rock-Fluid Interactions

A  major area  of concern  in enhanced recovery is  that of rock-fluid  inter-

actions.    This  was  stressed  at  a  recent  workshop  on  the  impact  of  geology  in

enhanced  recovery  (Peterson   et   aL,   1982).      It   is   here   that   the   authigenic

mineralogy   that   lines   and   fills  pores  comes  into  play  in  planning  enhanced

recovery projects.   The consensus I.eached at the conference was that much  more

research  is  needed  on  rock-fluid  interactiorrs.    It  is clear,  however,  that certain

authigenic minerals hinder the effectiveness of injected fluids,  and as a result of

interactions,  lead  to  formation  damage.    Diagenetic  cloys  have  a  high  surface

area and therefol'e  tend to interact greatly with fluids,  and present  the  problem

of  migration  of  fines  into  pore  throats  (Peterson  et  al.,  1982,    p.    14,  Ebanks,

1977,  p.  96).    Carbomtes,  particularly  iron-bearing  carbonates,  are  of  concern

because  of their re8ctivity with respect to carbon dioxide and acids (Peterson et

al.,   1982,  p.   14).     Both   outhigenic   cloys  (chlorite,   kaolinite)   and   carbonates

(ferroan calcite,  ferroan dolomite-ankerite) are present in the key nthofacies of

the Kearny Formation discussed at the beginning of this chapter.

Chlorite  is  present  in  all  these  uthofacies  but  is  more  abundant  in  the

lower  Keal.ny,  while  kaolinite  is  much  more  abundant  in  nthofacies  a  of  the

upper  Kearny.    Chlorite  is  of additonal concern because  it  is a source  of ferric

ious that have a destructive effect on polymers and sulfonates (Peterson, et.   al.,

1982,  P.    14).    Iron  that  is  uberated  from  chlorite+for  example  by  acidization,

can  reprecipitate  as  ferric  hydroxide  (Fe(OH)3),  which  is  a  material  capable  of

blocking  pore  throats  (Kasino  and  Davies,  1979,  p.  192).    Good  design  of  EOR
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projects   requires   steps   to   stabilize   kaolinite   and   chlorite   to   prevent   their

migration, and to scavenge iron released from chlorite.

Of the authigenic carbonates,  ferroan calcite is present in lithofacies C in

core  2GA,  and ferroan dolomite-ankerite occurs in all lithofacies, particularly 8

and  C.    These  minerals  are  reactive  and  can  nberate   iron,  resulting  in  the

detrimental   effects   mentioned   above.      The   carbonate   minerals   should   be

considered with regard to caustic prcoesses (Peterson, et. al., 1982, p.  18).

Feldspar  is  a  framework  constituent  that  is  abundant  in lithofacies 8.   It

has been suggested  that  feldspar can react with carbon dioxide (Peterson, et al.,

1982,   p.   14).     Therefore   this   is   an  additional  concern   with  respect   to   this

particular   recovery   process   should   it   be   considered   in   the   upper   Kearny

Formation.



CHAPTER IX

SUMMARY  AND CONCLUSIONS

1.       Six generalized sandstone nthofacies were recognized in this study:

Lithofacies A - medium to coarse-grained, poor to wen-sorted, glauconitic,

fossiliferous,    cross-bedded   sandstone.       Lithofacies   A    probchly   represents

deposition as a marine shelf sandbar.

Lithofacies  8 -  medium  to  very  coarse-grained,  pcor  to well-sorted,  lithic

to  feldspathic,  cross-bedded  sandstone.    Lithofacies  8  represents  deposition  in

marginal marine-deltaic environments, prchchly largely in distributary channels.

Lithofacies  C  -  medium  to  coarse-grained,  moderately  weu  to very-wen-

sorted,  gleuconitic,  cross-bedded  sandstone.     Lithofacies  C  was  also  probably

deposited as a marine shelf sandbar.

Lithofacies  D  -  very-fine  to  fine-grained,  moderately  wen  to  well-sorted,

glauconitic, rippled sandstone.   Lithofacies D  was deposited on a  marine shelf as

a  sandbar  (cross-bedded  -  core  lNA)  and  in  interbar  areas  characterized  by

lower energy conditions.    In  core  ILO  this  lithofacies  may  represent  tidal  fht

depesition.

Lithofacies E - glauconitic, bioturbated sandstone.

a)  clean, fine-grained, and weu to very weu-sorted.

b)   muddy,  medium to coarse-grained, and poorly-sorted.

Lithofaeies   E   was   deposited   on  a   marine   shelf   in   an   interbar   area   under

relatively lower energy conditions.   In such an environment biotufoation may be

preserved due to hck of reworking of the sediments.
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Lithofacies   F   -   intercahted   (to   interlaminated,   silt   to   fine-grained,

glauconitic  sandstone  and black shale.    Lithofacies  F  in core  lNA  was probably

deposited in a  marine  environment characterized by low but  fluctuating energy

conditions that produced  interbedding  of sand  and shale.   Where uthofacies F  is

associated with lithofacies 8 it probably represents overbank deposition.

2.       Lower  Keamy sandstones  were  deposited  in  a shallow  marine environment

under relatively high but variable energy conditions (lithofacies A,  C) and lower,

variable  energy  settings  (lithofacies  D,  E,  F).    Sandstones  of the  upper  Kearny

(1ithofacies  8)  were  deposited  in  marginal  marine-deltaic  environments  possibly

as stream-mouth bars or distributary channel fins.

3.       Petrographica]ly  the  important reservoir sandstones fall into several cate-

gories (Folk,  1980):

a)      -Poor  to  weu-sorted,  medium  to very coarse sandstone:   dolomite and

quartz   cemer,ted   submature       to   mature   arkose    to   feldspathic

litharenite (Lithofacies 8).

b)       Moderately-weu  to  very-weu-sorted,   medium  to  coarse  sandstone:

dolomite,    calcite    and   quartz    cemented    submature    to    mature

ghuconitic subarkose (Lithofacies C).

c)       Moderately-wen to  wenrsorted,  very-fine  to  fine  sandstone:   calcite

and quartz  cemented submature  to mature glauconitic quartzarenite

(Lithofacies D).

4.       Three major stages of diagenesis affected Keamy sandstones:

a)       Glauconite  pellets  and  chlorite  grain  coatings  formed  during  early



122

diagenesis.   Pyrite  replacements  of detrital  clays  and  possibly  some

kaolinite also formed early.

b)       Mainstage diagenesis including pore-fining by quartz, calcite, ferroan

calcite  and  ferroan  dolomite.     Some   authegenic  chlorite  probably

formed at this time as wen as grain replacements including quartz by

calcite, glauconite by calcite,  and  solution-fin of  sheu  fragments by

calcite,

c)        Late    diagenesis    involved    growth    of    ferroan    dolomite-ankerite

cement; dissolution of ferroan dolomite-ant(erite,  feldspars,  and rock

fragments; and kaounitizatiorL

5.        Porosity  and permeabifity  ranges from 0-21% and 0  to 248  md,  with highest

values cocurring in lithofacies a, C, and D.

6.       Rocks  with  relatively  high  permechility  are  also  highly  porous  and  have

coarse pore size distributions.

7.       Diagenesis  was  somewhat  different  in  each  lithofacies.     The  results  of

di8genesis are most important in explaining facies to facies variations in porosity

and permeability:

a)       Pore-fining silica and carbonate  cements as a factor of porosity and

permeability reduction (particuhal.ly Lithofacies A).

b)       Compaction  and  pressure  solution \that  I'esulted  in smaller effective

pore  radii  and  reduced  porosity  and  permeability  (Lithofacies  8  and

C).

C)        Dissolution    of    ferrcan    dolomite-ankerite    and    feldspar.,     which

enhanced porosity, particuhrly in  in Lithofacies 8.
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8.       Grain   size.  and   sorting   are   additional   factors   that   are   of   probable

importance  in controurng petrophysical properties.   Permeability  increases  with

grain  size  between lithofacies 8,  C,  and  D.    Within lithofacies  a  and  C  for  the

samples  measured  there  appears  to  be  no  relationship  between  grain  size  and

permeability.   To a  certain degree permeabmty decreases with increasing grain

size,  which  is a result  of  the  influence  of  sorting,  pore  types,  pore  throat  size,

and  cementation.    In lithofacies  C  of core  5LA  high permeability  samples have

the best sorting (wen to very wen sorted).

9.       Authigenic chlorite,  kaolinite and iron-rich carbonates pose potential prob-

lems for enhanced recovery concerning:

a)       High  surface  area  of  clays  and  their  potential  to  adsorp  injected

fluids,

b)       Migration of fines (Kadinite-lithofacies B).

c)       Reactivity and the release of iron into pore systems.

10.     In   general   the   Kearny   Formation   sandstones   studied   are   simihr   in

nthology,. diagenesis,   and  petrophysical   properties   to   other   Morrowan   Stage

sandstones  in  the  Anadarko  Basin  of Oklahoma  and  Texas,  and  in  the  Hugoton

Embayment of southeastern Colorado.
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APPENDIX  A

GRAPHICAL CORE DESCRIPTIONS

THIN SECTION SAMPLE rocATIONs

Simpnfied  core  descriptions  with  locations  of  plugs  and  porosity-permeability

values are  included here.   Thin section sample  locations are shown by tick marks on the

right side of the columns, and are also listed.

Letters  to  the  right  of  the  columns correspond  to nthofacies.   Contacts between

units  are  indicated  by  solid,  dashed,  or  wavy  lines.    Solid  represents  inferred  abrupt

contact, dashed is gradational, and wavy.indicates erosional contact.



WILLIAMS  D-2

C,   SW,   NW,   SEC.19,   33S,   42W
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E X P L A N ATI a N

ROCK    TYPES
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Conglomerotic  Cross-

bedded  Sandstone
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Sand  end Clay

Corbonaceous  Shc)le

SEDIMENTARY    FEATURES

EE Scoured  Surface

1388.8
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conglomcK.a.ic  cross-

bedded  Sandstone

lnterlaminaled  Silt,
Sand,  and Cloy

Ccirbonoceous  Shale

Calcoreous  Shale

lntercal oled Sondslone
®~

and  Shale

SEDIMENTARY    FEATURES

'''   I  I  I  i

''''
Burrows
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Glauconitic  Fossil iferous
Sandston.

Glouconilic  Cross  -
bedded  Sondsione

Glouconitic Rippled and  Plancr
Laminared  Sondstorle
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SEDIMENTARY    FEATURES
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Burrows

Ripples

Scour  Surface
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APPENDIX   A

THIN   SECTION   SAMPLES

SaLnole  No. Lithofacies Sample  NO. Lithofacies

185747

185747.8

185752.7

1NA6040

1NA6064.5

1NA6076

1NA6083.6

1NA6085

1NA6092.5

1NA6108

1P5957

1P5959

1P5962

1P5967

1P5970

1P5975

P5976  .

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

2GA6003.2

2GA6005.5

2GA6010 . 9

2GA6019

2GA6024 . 2

2GA6031. 9

WD24484

WD24485 . 3

WD24491. 9

ro24493.8

WD24495 . 3

WD24497 . 8

ro24497.9

WD24500.9

WD24502.2

WD24503

ro24505

A

A

A

A

A

A

a

a

a

a

8

8

a

8

a

a

a
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THIN  SECTION SAMPLES
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Sample  No. Lithofacies Sample  No. Lithofacies

1 J85040 . 7

1J85048.9

1 J85049 . 4

1 J85049 . 5

1 J85051 . 9

1 J85053 . 5

1 J85057 . 5

1 J85057 . 6

1 J85060 . 5

1LG5370

1 LG5370 . 7

1 LG5371. 5

1 LG5372 . 5

1 LG5372 . 7

1LG5373.5

1LG5376

1LG5379

1LG5380

1LG5383.7

1LG5386

a

a

a

8

8

8

a

8

a

a

8

a

a

8

a

8

8

a

8

a

1LG5388.7

2GA5988 . 2

2GA6009 . 7

2GA6053.7

2GA6057

2GA6059

2GA6061 . 5

2GA6063.5

2GA6065.7

5LA5615 . 8

5LA5619 . 5

5LA5625

5LA5625 . 3

5LA5626.5

5LA5631  . 5

5LA5633.5

5LA5635 . 3

5LA5637

5LA5638.5

5LA5639 . 3

a

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C
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Appendix A continued

THIN SECTION SAMPLES

Sanole  No. Lithofacies SaLnole   No. Lithofacies

5LA5640.2

5LA5647

5LA5648.2

5LA5651. 3

185726

185730

185731 . 2

185735.5

185739

185742

185744.2

185746

1NA6051. 3

1NA6071. 5

1NA6072.2

2GA6028 . 5

2GA6029.9

1LG5358

1LG5360

C

C

C

.C

D

D

D

.D

D

D

D

D

D

D

D

D

D

D

D

1LG5366

185750.5

185754 . 3

185758 . 3

1P5931

1P5933

1P5937

1P5940

1P5945

1P5946

1P5948

1P5949

5LA5641

5LA5641. 5

5LA5642.5

5LA5644

5LA5652

1NA6044

1NA6057.3

D

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

E

F

F
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THIN SECTION SAMPLES
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Sample  No. Lithofacies

1 NA60101 . 8

WD24482

1J85046.9



APPENDIX  8

cOMplLATro N OF DATA

Isotope,   microprche  analysis,  and  petraphysical  data  are   tabulated   here

along  with  a  compihtion  of  pore  size  distribution  curves.    These  curves  were

derived  by  mercury  injection,  with  cumuhtive  percent  pore  space   saturated

plotted against effective pore radius.

IsoropE DATA

This data  was gathered by Cities Service  Company,  Tulsa,  Oklahoma.    Four

samples were provided from cores used in this study.

Sample Lithofacies Isoto ic   Com osition

de{::t88±v:e::a73:,

5   LOU   A
5648.2,

1   Jones  a
5060 . 5 ,

1    Low   G
5386,

1   Nell  A
6064.5,

Ferroan  Dolomite-
Ankerite

Fer`r`oan  Dolomite-
Anker`ite

Ferroan  Dolomite-
Ankerite

-6.93            -4.56

-6.23            -0.97

-6.04            -4.98

Ferroan  Calcite
and  skeletal  Mater.ial    :8.46           -0.`48
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MICROPROBE DATA

Composition  is normalized  to 100  and reported  in  mole  percent.    Range  is

reported  for  the   2   sigma  level  of  confidence.     Strontium  carbonate  content

borders on non-detectable and is in general less than 0.05  mole percent.   Samples

analyzed  for  strontium  carbonate  are  indicated  by  an  asterisk.    This  data  was

taken on an  AMX  2  spectrometer  microprobe  at  the  Space  Technology  Center,

University of Kansas.

MICROPROBE DATA

Ferroan  Calcite

Sample

2GA6010 . 9a`

2GA6010 . 9b.

2GA6010 . 9 c

1 NA6064 . 5a.

1 NA6064 . 5b*

1NA6064.5d

lNA6064.5e

lNA6064.5f

lp5967a'

1P5967b*

1P5967c

Lithofacies CacoQ(+0.2)   MgcoQ(+0.2)   FecoQ(+0.2)   MncoQ(+0.2)

A                        97.8                       0.9

97.7                       0.6

97.8                      0.6

A                           97.9                          1.2

96.1                        0.7

96.3                      0.7

96.2                      0.8

96.0                      0.6

A                        94.0                       2.2

95.4                     2.0

95.2                      2.5

0.7

1.0

1.1

0.4

1.1

1.2

1.2

1.2

2.0

2.3

1.9

0.6

0.7

0.5

0.5

2.0

1.7

1.8

2.2

1.8

0.3

0.4
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MICROPR0BE DATA continued

Fer`roan  Calcite

Sar!p__1e

lp5967d

185952.7a*

185952.7b

185952.7c

Lithofacies Caco?(+0.2)   Mgco?(+0.2)   FecoQ(+0.2)   MncoQ(+0.2)

95.4

A                             94.1

95.9

95.3

Ferr`oan  Dolomite-Anker`ite

2.2                       2.0

2.5                          1.7

1.6                              1.3

2.0 1.3

0.4

1.7

1.3

1.4

Sample            Lithofacies   Cac03(+1.0)   Mgc03(+O.5)   Fec03(+0.5)   Mnc03(+0.2)

2GA6010 . 9dl

lNA6064.5c

lp59575a

lp5975b

lp5975c

1 J85060 . 5a`

1 J85060 . 5b

1 LG5383 . 7a'

1LG5383.7b

lLG5383.7c

A                          49.3

A                         62.2

A                             56.1

55.4

55.1

a                         54.1

53.1

8                         51.2

53.6

52.9

34.4                       14.2

21.0                        13.7

22.3                       17.8

23.9                       16.6

23.8                       16.3

30.3                       14.5

30.1                         15.5

23.7                     22.6

24.1                      20.2

25.0                      20.1

2.1

3.1

3.6

4.1

3.7

1.2

1.3

2.5

2.1

2.0
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APPENDIX   a

suunRy  OF  pETROpHyslcAL  DATA

Sample  No. Lithofacies Por.osity   (¢) Per`meabilit
Appr.oximte
Br`eakthr`ough

(microns)

185747

1NA6040

1NA6064.5                        A

INA6076                              A

INA6083.6                        A

INA6085                             A

INA6092.5                       A

IP5957                              A

IP5959                               A

IP5970                              A

IP5975                               A

26A6019                             A

26A6010.9                        A

WD24484                           a

WI)2P485.3                      a

10.4

6.3

7.4

6.2

13.0

11.7

6.8

7.6

8.4

8.2

7.6

5.4.

6.3

15.0

18.7

0.07

0.01

0.09

0.01

0.90

0.44

0.05

0.13

0.07

0.08

0.08

0.02

0.02

0.83

75 . 38



Appendix 8 continued

SUMMARY OF PETROPHYSICAL DATA
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Sample  No. Lithofacies Par.osity   (¢) Permeabilit
Approximate
Breakthrough

(microns)_

WD24486.3                      a

WD24490.3                       a

WD24491.9                        a

WD24493.8                       a

WD24495. 3                      a

WD24497.8                      a

WD24497.9                      a

WD24500.9                       a

WD24502.2                      a

WD24503                            a

WD24505                             8

1J85049.4                     a

1J85049.5                    a

1J85051.9                      8

1J85053.5                    a

1J85057.5                    8

1J85057.6                    8

1J85060.5                    a

17.2

14.4

18.9

14.1

16.3

16.9

14.6

17.3

16.6

14.5

2.6

18.0

16.8

16.3

17.0

11.9

7.4

2.5

28.00

8.22

53.67

15 . 37

31.13

45.29

7.85

39 . 95

30.80

27.69

0.04

96 .10

248 . 39

56.86

50 . 47

22.29

134.86

0.18



Appendix 8 continued

SUMMARY OF PETROPHYSICAL DATA
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Samole  No. Lithofacies Porosity  (¢) Permeabilit
Appr`oximate
Br`eakthr`ough

(micr`ons)_

1LG5370                            a

1LG5370.7                      a

1LG5379                            a

1LG5380                            a

1LG5384                            a

1LG5386                            a

1LG5388.7                      a

2GA6053. 7                       C

2GA6057                             C

2GA6061.5                        C

2GA6063. 5                       C

2GA6065.7                      C

5LA5615.8                       C

5LA5619.5                        C

5LA5625.3                      C

5LA5626. 3                      C

5LA5626.5                      C

5LA5631.5                       C

11.4

11.9

14.6

11.5

13.6

7.5

12.5

15.0

15.9

7.5

8.2

6.4

14.6

16.8

9.3

14.9

13.6

13.2

35.78

41.68

3.48

9.83

1.54

0.16

23.08

8.62

20.23

0.02

0.04

0.02

21.70

176 . 42

0.22

71.83

4.00

2.24

3

?

10

15

17



Appendix 8 continued

SUMMARY OF PETROPHYSICAL DATA
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Saple  No® Lithofacles Porosity  (¢) Permeabillt
Appr.oximate
Breakthrough

(microns)

5LA5633. 5                     C

5LA5635.1                        C

5LA5635.3                      C

5LA5638. 3                      C

5LA5638.5                      C

5LA5640. 2                      C

5LA5648. 2                     C

5LA5651.3                      C

IE5731.2                        D

185737.5                        D

185739                             D

185744.2                        D

185745.7                        D

INA6051.3                       D

INA6071                             D

INA6071.5                       D

INA6072.2                      D

2GA6028.5                      D

12.4

13.8

13.9

io.5

14.1

11.0

7.9

8.2

8.9

12.9

11.5

13.1

12.2

16.7

16.4

6.6

9.5

17.5

0.45

2.14

2.40

0.48

8.38

0.11

0.11

0.10

1.17

11.57

12.59

11.09

12.52

3.30

3.30

0.01

0.02

2.26 2.5
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Appendix 8 continued

SUMMARY OF PETROPHYSICAL DATA

Sanole  No. Lithofacies Porosity  (¢) Per`meabilit
Approximate
Breakthr`ough

(micr`ons)

2GA6029. 9                       D

ILG5358                             D

ILG5360                             D

ILG65365.7                    D

ILG5368.5                       D

185758.3                        E

1P5931

1P5933

1P5937

1P5940

1P5945

1P5946

1P5948

1P5949

E

E

E

E

E

E

E

E

5LA5641.5                       E

5LA5644                           E

5LA5652                           E

INA6045.2                      F

15.1

18.5

17.6

20.6

21.0

14.4

15.4

16.6

19.2

14.2

18.6

17.1

2.9

16.1

10.6

11.7

10.8

3.9

0.64

0.29

0.25

0.51

0.46

0.22

9.62

16.59

11. 64

8.70

16.03

4.67

0.01

2.10

0.07

0.14

0.20

0.00

0.9

6.5

6.5

0.8



Appendix 8  continued

SUMMARY OF PETROPHYSICAL DATA
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Sample  No. Lithofacies Porosity  (¢) Perneabilit
Appr.oxinrate
Breakthr`ough

(microns)

1NA6057.3                       F

INA6101.8                         F

WD24482                            F

IJ85046.9                    F

4.7

3.3

0.2

7.4

0.08

0.00

0.00

0.14

1Question  mar.ks  signify  data  was  obtained  but  a  breakthr.ough  point

is  not  apparent  on  the  pore-size  distribution  curve  (App.B).
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APPENDIX C

DATA REDUCTIO N

Sample  data  is provided  to  show  the  process  of  reduction  for  microprobe

analysis.      Equations  used  to  calculate  porosity,   permeabifity,   and  pore  size

distribution  are  included here.    Statistics  related  to  regression  coefficients  for

porosity and permeabilty are also included.



REDUCTION OF  MICROPROBE DATA
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Data was taken as counts per 10  seconds in the  fouowing sequence:   quartz

(standard  for background),  analyzed standard (calcite  for Ca,  magnesite for Mg,

siderite for Fe, rhodcohrosite for Mn, strontianite for Sr), 3 to 6 points on sample

grains,   analyzed   standard,   and   quartz.      Average   values   in  counts/see   were

calculated.   Data was then reduced as fouows:

EX.   Sample  lNA6064.5a

Ca'

Qtz
Calcite  (Standar`d)
a  (sample  grain)

ng

Qtz
Magnesite
a

Fe

Qtz
Sider`ite
a

Mn

Qtz
Rhodochrosite
a

N1

3.0
2 , 464
2 ' 402

Peak  minus                       Im
N*             Background            I  standard

i . 000
0.9745

46.6                        47
7 , 906
123.7

9.1
1 ' 775 . 6

17.0

7.9
1 ' 904 . 3

17.7

8 , 033
124

7'986
77

9
1,T79                    I,T70
178

8
1,907                     1,899
1810

*cor`rected  for`  deadtime  at   1000  cts/see  or`  gr`eater`.

1 . 000
0.0096

1.000
0.0045

1.000
0.0053
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K(Im/ISTD)

INA6064.5a

Ca

M8

Fe

Mn

.9745

.0096

.0045

t99ii
.9939

Beta  Factor`s       (wei

.9999

1.0883

1.0952

1.0970

KXB
ht  fractions)

.9744

.0104

.0043

.0058

.9949

Beta  factors  are  cor.rections  calculated  for  each  element/standard

(Bence  and  Albee,1968).     For  sample  INA6064.5a  weight  fr`actions  ar.e:

Cac03  -   .9744

Mgc03   -   .0104

Fec03  -   .0043

Mnc03  - tpap

.9949

These  values  wer`e  nor.malized  when  not

close  to  zer`o.

Mole  fractions  were  calculated  by  dividing  by  molecular`  weights.

Cac03  -   .9735   =   97.9  mole  %

M8C03   -.0123   =      1.2   mole   ¢

Fec03  -   .0037  =     0.4  mole  ¢

Mnc03  -  J29E&  =     0±  mole  ¢

.9946        99.0
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CALCULATION   0F   PETROPHYSICAL   PROPERTIES

Effective  Porosity  Bv  Liquid  Satur'ation

Por`osity   (¢)   = Fluid  weight  (gr.ans)   = (satur.aLted  plug  weight  -
dry  plug  weight)

174

Plug  length  (cm)  x  area  (Cm2)  x  fluid  density  (gin/cc)

Fluid  volume  (cc)
Plug  bulk  volume   (cc)

Per.meability  to  Br`ine

Dar`cy's   Law

Permeability  (millidar.cys)   =

QXLXM x   1000
A  x  delta  P

Q  =         flow  r`ate  (cc/see)   -  derived  froni  3  timings  of  a
measured  volume  of  brine  passed  through  plug.

L  =         plug  length   (cm)

M  =         viscosity  of  fluid   (cp)   =   1   (assumed)

A=         areaof  plug(cm2)

delta  P  =  pr`essur.e  gr.adient  (atm)  -  set  on  Ruska  liquid
per.meameter.   (generally  1.8  atm. ).

Pore  Size  Distribution

Pet.cent  pore  space  saturated  with  met.cur.y  at  each  incr.eznent  of
pressure  increase  ls  cailculated  by:

volume  mer`cury  injected
x100

plug  por.osity  x  bulk  volume

This  value  for  each  pressure  is  plotted  against  por`e  apertur`e
radius,   calculated  fr.om  pressure  by:         r`adius   (micr`ons)   =

7.6
pr`essure  (bars)

(equation  from  Blatt,   et  al.,1980,   p.   414)
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STATISTICS OF  POROSITY -PERMEABILITY

Regression coefficients were  derived  for  the  porosity (x)  and permeability

(y)   values   for   each   lithofacies.     Because   of  the  logarithmic   distribution  of

permeability,   these   values   in   millidarcies   were   converted   to   the   base   10

logarithm prior to calculating the regression coefficients (b's).

The significance of each value was tested by comparing ts with the critical

value t at .001.   (Sokal and Rohlf,  1969, p.  423-424).

t_   =      (b-O)

Sb=

Lithofacies  A

s2y.x    i
sun  x2

(expression  to  the  i  power.)

(population  of  13)

ts   =      (0.21   -0)      =   o.035
5.9E5

t   at   .001    (11)   =   4.37

0.035  is  less  than  4..437

Lithofacies  8 (population  27)

(0.15)
-..i 3 . 058 =   0.OP9

t   at   .001   (25)   =   3.725

0.049  is  less  than  3.725
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Lithofacies C (population of 19)

ts = #  0.,24

t   at   .001(17)   =   3.965

0.124  is  less  than  3.965

Lithofacies  D   (population  of  15)

ts = # = 0.65,

t   at   .001(13)   =   4.221

0.062  is  less  than  4.587

Lithofacies  F (population  of  5)

ts   =     22.360     =   2.266
9.EE

t   at   .001(3)   =   12.924

2.266  is  less  than  12.924

176
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Given  these  results it appears  that  none  of  the  regl.ession coefficients  are

significantly   different   from   0.      Thus   for   no   lithofacies   is   the   regression

significantly   deviant   from   0   in   a   positive   or   negative   direction.      Further

comparison    of    regression    coefficients    is    unwarranted    for.    these    sample

pOpulations.
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