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thstract

Various  geochemical  parameters  including  type  and

abundance  of  organic  matter   (TOG) ,   sulfide-sulfur  quanti-

ties,   fluctuations  in  bottom-water  anoxicity  (DOP) ,  metal

content  differences,  and  sulfur  isotope  variations  have  been

assessed  in  order  to  characterize  Midcontinent  Pennsylvanian

black  shales.     Based  on  these  geochemical  parameters,  the

deposits  can  be  grouped  into  three  types:  Mecca-type,  Heeb-

ner-type,   and  Shanghai-type.

Mecca-type  black  shales  are  characterized  by  at  least

20%  TOG  (mostly  terrestrial-type) ,  high  metal  content

(especially  V,   Cr,   Ni,   Mo,   U,   and  Sn),   erratic  and  heavy
34S  values,   high  DoP,   and  an  association  with  underlying

coals  and  siliciclastics.
Heebner-type  black  shales  are  characterized  by  less

than  20%  TOG   (mostly  marine-type,   although  somewhat

mixed) ,  moderate  metal  content,   light,  consistent  834s

values,   moderate  DOP,   and  an  association  with  phosphatic

nodules  and  laminae.    A  sedimentary  association  with  silici-

clastics   (Missourian)   and  carbonates  (Virgilian)   is  evident.

Shanghai-type  deposits  are  characterized  by  less  than
15%  TOG   (mostly  mixed  terrestrial  and  marine  types),low

metal  contents,   erratic  and  heavys34S  values,   low  DoP,

and  a  mostly  phosphatic  fauna.



Multivariate  statistical  analyses  perf ormed  on  geochem-

ical  data  indicate  that  a  94%  probability  exists  that  Penn-

sylvanian  black  shales  of  Midcontinent  North  America  can  be

classified  into  one  of  these  groupings.

Metal  constituents  in  the  Mecca-type  shales  and  metal-

liferous  Heebner-type  shales  developed  in  response  to  re-

peated  contact  of  black  shales  and  organic  matter  with
various  types  of  fluids:  brackish  seawater,  connate  water,

basinal  brines,   and  modern  groundwater.     It  is  probable  that

a  redox  interface  existed  so  that  metals  present  in  f luids
were  attracted  to  the  nearshore  organic  materials  in  Mecca-

type   (Desmoinesian)   shales.     Favorable  conditions  for  the

emplacement  of  metals  in  the  shales  includes  a  semieuxinic

to  euxinic  basinal  setting,   DOP  between  7.0  and  1.00,   the

presence  of  available  metals,   an  abundance  of  organic  mate-
rial  to  absorb  the  metals,  and  a  predominance  of  quiescence

to  fixate  metals.

A  model  for  time-dependent  changes  of  Midcontinent

Pennsylvanian  black  shales  is  of f ered  that  shows  a  progres-

sive  ventilation  for  deposition  of  the  black  shales  from  the

Desmoinesian  through  the  Virgilian  in  the  Midcontinent  so

that  metal  supplies,   DOP,   and  TOG  contents  decrease  with

time  as  a  result  of  decreased  sediment  supply  or  a  f luctua-

tion  in  sediment  source.
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Chapter  1.  Introduction
The  study  of  black  shales  has  been  dif f icult  and  usual-

ly  without  useful  results  until  recently.    Technological  ad

vancements  have  opened  new  doors  regarding  the  study  of  f ine

grained  rocks.     Papers  by  Zangerl  and  Richardson   (1963),

Vine  and  Tourtelot   (1970),   and  Heckel   (1977)   stand  out  as

pioneering  works  on  these  beds.     Early  work  was  hampered

because  outcrops  can  yield  only  limited  data  about  the

origin  of  black  shales.      Generally,  theories  of  their

origin  were  limited  to  the  simple  explanation  that  black

shales  were  formed  under  reducing  conditions.     Recently,

geochemistry  has  played  an  increasingly  important  role  in
the  characterization  of  both  organic  material  and  inorganic

constituents,  widening  the  scope  of  inferences  drawn  about

the  genesis  of  black  shales.

Importance  of  Black  Shales

Black  shale  is  a  dark-colored  mudrock  containing  organ-

ic  matter  that  may  be  associated  with  hydrocarbons  (Huyck,

1991).     Some  emphasis  is  currently  being  placed  on  using

chemical  parameters  to  clef ine  ''black  shale"  and  ''metallifer-

ous  black  shale",  under  the  aegis  of  IGCP  (International

Geological  Correlation  Project)   Working  Group  254   (Huyck,

1991).     Their  working  definition  for  black  shale  is  "a  dark-

colored,  laminated,  fine-grained,  clastic  sediment  that
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contains  50%  or  more  particles  sized  less  than  0.062  mm

equivalent  spherical  diameter  (i.e.,  silt  or  clay)  and

greater  than  0.5%  organic  carbon."    A  `'metalliferous  black
shale"  is  provisionally  clef ined  as  ''a  black  shale  that  is

enriched  in  any  given  metal  by  2X  (except  for  beryllium,

cobalt,  and  uranium  where  lx  is  sufficient)  relative  to  the

United  States  Geological  Survey  Geochemical  Standard  SDO-1

(Ohio  Devonian  Shale)".     Note  that  in  this  definition  an
anomalously  high  concentration  of  any  one  element  is  suff i-

cient  to  place  the  shale  into  the  metalliferous  category.
Leventhal   (i±|  Huyck,   1991)   has  offered  an  alternative  defi-

nition  of  ''metalliferous  black  shale''  based  on  the  total

metal  content:

[(V   +   Cr   +   Co   +   Ni   +   Cu   +   Zn   +  Mo   +  Ag   +   Cd   +   Pb   +   U)

+   (As   Se   +   Sb  +   Ti)   +   (Ba   +   Mn   +   REE   +   Zr)   /   5]   >   1000

where  all  concentrations  are  given  in  ppm.     In  practice,

these  two  definitions  yield  similar  assignments,  but  are

philosophically  different.
Black  shales  can  be  repositories  for  valuable

metal  constituents  and  represent  a  record  of  past  anoxic
water  conditions.    These  metalliferous,  carbon-rich  rocks

also  record  geochemical  interactions  of  carbon,   iron,  sul-

fur,   oxygen,   and  phosphorous.     Thus,   although  not  generally

considered  as  commercial  ores,  with  the  exception  of  some

2



small  operations  in  China,  metalliferous  black  shales  have

considerable  importance  in  understanding  processes  of  metal

enrichment  in  sedimentary  rocks.     Black  shales  are  important

to  the  natural  resource  economy  because,  after  coal,  they

provide  the  most  accessible  reservoir  of  organic  constitu-
ents  in  the  crust  (Tourtelot,1979).    Additionally,  black

shales  are  important  as  the  host  strata  of  some  syngenetic

metal  deposits   (Tourtelot,1979).     Examples  of  this  include

the  Kupf erschief er  of  Permian  age  in  central  Europe  and  the

Nonesuch  Shale  of  Proterozoic  age  in  Michigan,   U.S.A.

History  of  Research

Signif icant  early  work  on  black  shales  addressed  the

importance  of  anoxic-water  conditions  in  their  formation

(Pettijohn,1949) ,  association  with  a  distinctive  biofacies,

(e.g.   Bulman,1955),   and  the  conclusion  that,   under  modern

conditions,  these  anoxic-water  sediments  are  formed  in

basins  restricted  from  free  exchange  with  the  open  ocean,

leading  to  stagnation  in  the  bottom  part  of  the  water  column

(Strom,1939).     Such  situations  are  rare  in  modern  oceans,

but  the  Lower  Paleozoic  and  Mesozoic  rock  records  are  indic-

ative  of  more  widespread  anoxia  when  global  climates  were

warmer  and  more  equable.

The  chemistry  of  black  shales  has  recently  attracted

attention.     Vine  and  Tourtelot   (1970)   analyzed  about  800

3



black  shale  samples  using  wet  chemical  and  spectrographic

techniques  in  their  classic  study.    They  were  the  first  to
try  to  clef ine  a  normal  range  for  metal  contents  of  black

shales  and  to  develop  criteria  for  recognizing  black  shales

enriched  in  metals.     Considerable  progress  has  been  made  in

understanding  the  chemistry  of  black  shales  by  going  beyond

bulk  chemical  analyses  to  a  determination  of  the  speciation

of  the  elements.    Particularly  germane  to  the  study  of  the

behavior  of  metals  is  the  determination  of  the  oxidation

state  of  sulfur,   because  many  heavy  metals  are  immobilized

in  the  presence  of  sulfide   (Can field  et  al.,1986).     Rais-

well  and  Berner   (1985)   combined  the  determination  of  S

species  with  similar  Fe  measurements  into  a  parameter  they

term  DOP  (degree  of  pyritization) ,   originally  defined  by

Berner,   1970:

DOP  =  Pyritic  Iron   (Fepy)   /   (Fepy  +  Hcl-Soluble  Iron   (FeHci))

that,  combined  with  C/S  ratios,  can  be  used  to  quantify  the

degree  of  anoxia.

However  defined,   any  metalliferous  black  shale  being

studied  needs  to  be  characterized  in  terms  of  chemical  and

physical  parameters  useful  in  determining  its  paleoenviron-
ment.    Where  present,   study  of  body  fossils  can  be  particu-

larly  useful,  but  they  are  often  difficult  to  find  in

shales,  with  the  possible  exception  of  graptolites  and

phosphatic  brachiopods  in  Midcontinent  Pennsylvanian  depos-

4



its.       Trace  fossils  are  also  revealing  and  are  more  widely

distributed  in  black  shales  than  are  shelly  fossils.    The

degree  of  bioturbation  imposed  on  the  sediment  by  animals  is

a  useful  measure  of  the  amount  of  oxygen  in  the  bottom  water

at  the  time  of  deposition   (Byers,1977).     However,   many

Phanerozoic  sections,  and  all  Precambrian  sections,   lack

even  these  guides  to  environmental  conditions.     Therefore,

chemical  indicators  have  been  widely  pursued.

Perhaps  the  most  widely  used  chemical  indicator  is  the

content  of  organic  carbon,  which  is  incorporated  into  the

IGCP  definition.     However,   the  organic  carbon  content  is

influenced  by  a  number  of  factors,   including  the  rate  of

production  of  biomass  in  the  surface  water  as  well  as  the
amount  of  oxygen  present  in  the  bottom  water  (Pedersen  and

Calvert,1990).     A  method  to  isolate  the  effects  of  bottom-

water  oxygenation,  and,   in  a  sense,  circumvent  surface-water

effects,  while  quantifying  the  degree  of  anoxicity  in  marine

environments,  has  been  proposed  by  Raiswell  and  Berner

(1985).     Two  parameters  are  useful:     the  first  is  the  ratio
of  organic  carbon  to  sulfide  sulfur,  mostly  pyritic  sulfur.
If  organic  carbon  (Corg)   is  plotted  against  sulfide  sulfur

(Spy)   for  modern  environments,   three  types  of  patterns
emerge.     Normal  marine  environments  provide  a  straightline

correlation  passing  through  the  origin,  a  reflection  of  the

fact  that,   in  these  environments,  the  amount  of  sulfur

converted  from  sulfate  to  sulf ide  by  the  bacteria  is  con-

5
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trolled  by  the  amount  of  carbon  they  have  to  use  as  a  food

source.     In  freshwater  environments,  where  sulfate  is

sparse,  the  amount  of  sulfate  rather  than  the  amount  of

organic  matter  is  rate-limiting  and  a  distribution  of  points
Close  to  the  Corg  axis,  but  passing  through  the  origin,   is

seen.     Under  euxinic  conditions,  that  is  in  a  marine  basin

where  oxygen  has  been  completely  removed  from  the  water

Column,   free  H2S  forms  in  the  water,   suppressing  all  ben-

thonic  life  forms,  and  bacterial  sulfate  reduction  commences

in  the  water  column.     The  result  is  a  plot  of  C  versus  S

with  a  poor  correlation  and  a  positive  intercept  on  the  S

axis   (Leventhal,1983)   (Figure  1).

Environments  apparently  can  vary  in  the  degree  to  which

euxinic  (anoxic,  H2S-containing,   and  usually  relatively  deep

water)   conditions  are  developed.     Using  the  parameter  DOP,

coupled  with  C/S  ratios,  a  scale  can  be  established  separat-
ing  marine  basins  into  noneuxinic,   semieuxinic,   and  fully

euxinic  categories.     Raiswell  et  al.   (1988)   established  a

range  of  values  for  DOP  using  paleoecological  and  sedimento-

logical  characteristics.    They  defined  aerobic  (noneuxinic)

conditions  as  sediments  deposited  in  fully  oxygenated  bot-

tom-water   (DOP  <  0.45) ,   restricted  marine   (semieuxinic)

conditions  where  sediments  are  deposited  in  waters  with  low-

oxygen  concentrations   (0.45  <  DOP  <  0.75),   and  inhospitable

(fully  euxinic)  conditions  where  sediments  are  deposited  in

6



Figure  1.   Plot  of  %TOC   (total  organic  carbon)  versus

£:E¥  tE¥r3=::e:::f:; , c::b:E±:i::::¥. d±agenet±c
pyrite  indicated  by  arrow  and  full  range  of
values  for  samples  in  this  study.    Black  Sea
data  from  Leventhal   (1983).
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a  setting  with  little  or  no  oxygen  present  and  the  continual

or  intermittent  presence  of  H2S   (DOP  >  0.75).     In  this  study

of  Midcontinent  black  shales,   DOP  is  especially  important  in

deciphering  f luctuations  in  the  degree  of  anoxicity  during

the  Pennsylvanian   (Figure  2).

Several  well-studied  black  shale  units  stand  out  as

being  particularly  metalliferous,  mostly  enriched  in  U,  V,

Mo,   Pb,   Cu,   Ni,   and  Zn   (Schultz,1991).     Among  these  are  the

Alum  Shale  of  Scandinavia,   New  Albany  Shale  of  Indiana,

U.S.A.,   Mecca  Quarry  Shale  of  Indiana  and  Illinois,   U.S.A.,

and  several  Chinese  Cambrian  black  shale  units.     The  geo-

chemical  characteristics  of  Midcontinent  North  American

Pennsylvanian  black  shales  in  this  study  are  compared  to

these  metalliferous  black  shales.

Objectives  of  Research

Similar  to  other  recent  investigations  of  Midcontinent

Pennsylvanian  black  shales,  this  study  reports  geochemical

results  of  the  Midcontinent  Pennsylvanian  units.     However,

data  for  separate  species  (C,   Fe,   and  S)  as  well  as  for  the

whole-rock   (i.e.,   XRF)   are  reported  and  are  used  to  infer

that  the  character  of  black  shale  units  changed  during

Middle  to  Late  Pennsylvanian  time  in  Midcontinent  North

America   (Schultz  and  Coveney,   in  press).     The  focus  of  this

study  is  on  the  Midcontinent  Pennsylvanian  black  shale

9



Figure  2.  Variations  in  DOP  with  depositional  environment
as  defined  by  Raiswell  et  al.   (1988).
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'
units  with  comparisons  to  the  Mecca  Quarry  Shale,   and  envi-

ronmental  and  geochemical  comparisons  to  the  Alum  Shale,   New

Albany  Shale,   and  Chinese  Cambrian  black  shale  units.     The

objective  of  this  research  is  three-fold:   (1)  to  investigate

geochemically  different  types  of  Midcontinent  Pennsylvanian
black  shales;   (2)  to  categorize  these  black  shales  into

types  so  that  other  Pennsylvanian  black  shales  from  other

localities  may  be  placed  into  the  categories;  and  (3)  to

speculate  on  a  source  for  the  metals  in  the  more  metallifer-

ous  black  shale  units.
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Chapter  2.  Importance  of  TOG-S-Fe  Relationships:  Pyri€e

Fomation

Understanding  biologically  mediated,   early  diagenetic

processes  in  marine  settings  is  a  goal  of  many  earth  scien-
tists.     Berner   (1970,1984),   Sweeney   (1972),   Goldhaber  and

Kaplan   (1974),   and  Leventhal  and  Taylor   (1990)   are   just  a

few  of  the  many  workers  who  have  observed  relationships

among  organic  carbon,   sulfur,   and  iron  leading  to  pyrite

formation.    Overall  reactions  that  occur  in  this  process

include :

HS-  +  Fe+2   < ------ >   Fes  +  H+
Fes  +  S  < ------ >  Fes2

and  are  dominantly  controlled  by  the  quantity  of  available

organic  carbon  and  sulfate  metabolizers,   H2S  concentration,

amount  of  iron  present,  and  reactivity  of  iron  (Berner,

1970;   Can field,1988).     Therefore,   sulfidization  tends  to

decrease  with  depth  as    a  result  of  S042-  depletion,   lack  of

metabolizable  organics,  or  depletion  of  reactive  iron

(Berner,   1970,   1974;   Goldhaber  and  Kaplan,   1974;   Leventhal

and  Taylor,1990).

The  mineral  pyrite,   Fes2,   is  an  abundant  and  widespread

authigenic  constituent  of  sediments  where  it  is  associated

with  organic  matter  (Berner,1970).     Pyrite  is  stable  only

13



in  the  absence  of  oxygen  and  in  the  presence  of  dissolved

sulfide   (Garrels  and  Christ,1965).     In  modern  sediments,

the  accumulation  of  organic  matter  metabolized  by  bacteria

results  in  the  removal  of  oxygen  from  associated  waters  and

the  subsequent  replenishment  by  dissolved  sulfide.     Thus,

pyrite  is  present  with  organic  matter  and  is  indicative  of
anaerobic,   sulfidic  diagenesis.

The  f undamental  stages  in  the  process  of  sedimentary

pyrite  formation  include:  bacterial  sulfate  reduction,
reaction  of  H2S  with  iron  minerals,  and  the  transformation

of  black  iron  monosulfides  to  pyrite   (Berner,1970).     Prin-

cipal  sources  of  H2S  for  pyrite  formation  are  the  bacterial

reduction  of  dissolved  sulfate  (by  Desulfovibro  desulfuri-

gaES)   (Leventhal,1987)   and  the  decomposition  of  organic

sulfur  compounds   (Berner,1970).     Once  H2S  is  formed,   it

reacts  with  various  iron-containing  minerals  to  form  iron
sulfide.    The  final  stage  in  pyrite  formation  is  the  trans-

formation  of  iron  monosulfide  to  pyrite.    These  processes

can  be  summarized  in  the  following  reactions:

2CH20  +  S04 -------- >     2HC03-  +  H2S

(Bacterial  Sulfate  Reduction)
3H2S  +   2Feo.OH  ------ >     2   res  +   S°   +   4H20

(Raiswell  et  al.,1988)

Raiswell   and  Berner   (1985,1986),   Leventhal   (1983,

1987),   and  Raiswell  et  al.   (1988)   are  just  a  few  of  the  many
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workers  who  have  discussed  the  roles  of  TOG-S-Fe  relation-

ships  in  reconstructing  depositional  environment.     C/S

ratios  are  influenced  by  sedimentation  rate,  availability  of

metabolized  organic  matter,  availability  of  reactive  iron  to
fix  sulfides  into  sediments,  and  the  presence  or  absence  of

anaerobic  conditions  above  the  sediment-water  interf ace

(Dean  and  Arthur,1989).

Leventhal   (1983a,   1983b)   has  discussed  the  relation-

ships  of  organic  carbon  and  sulfur  in  order  to  make  infer-

ences  about  depositional  environment  in  terms  of  the

presence  of  oxygen   (normal  marine)   or  H2S   (euxinic)   in

overlying  bottom  water.     These  relations  have  been  discussed

in  similar  contexts  by  Berner  and  Raiswell   (1983,1984),

Raiswell  and  Berner   (1985),   and  Berner   (1984)   and  are  estab-

lished  by  plotting  total  organic  carbon  (TOG) ,   Spy  (pyritic

sulfur)  and  Pet  (total  iron)  or  FeHci   (acid-soluble  reactive

iron).    Normal  marine  settings  are  indicated  by  a  positive

correlation  between  TOG  and  Spy,  which  passes  through  the

origin  (Berner,1984).     In  contrast,   euxinic  sediments  are

typified  by  high  Spy  values  and  low  TOC,   so  that  an  inter-

cept  on  the  S  axis  results   (Leventhal,1979).     Occasionally,

S  versus  TOG  plots  for  euxinic  sediments  indicate  f lat

(zero)   slopes   (Raiswell  and  Berner,   1985)   or  weak  negative

slopes   (Williams,1978).

Organic  carbon  versus  sulfur  plots  have  been  used  to

imply  depositional  settings  of  modern  and  ancient  rocks
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(Leventhal,   1983,   1987;   Berner  and  Raiswell,   1983;   Raiswell

and  Berner,1985,1986).     Total  iron  versus  sulfur  plots

(Coveney  et  al.,1987)   also  have  been  used  in  much  the  same

manner.     Unfortunately,  these  plots   (including  TOG  versus

Spy)  provide  little  information  on  reactive  iron  and  its

availability.     Leventhal  and  Taylor  (1990)  point  out  that

this  type  of  plot  is  greatly  imf luenced  by  reactive  iron
availability,  a  variable  that  can  fluctuate  between  samples,
basins,  and  source  areas.

Dif fering  behavior  of  TOG-Spy  plots  is  caused  chief ly

by  dif ferent  factors  that  af feat  pyrite  formation  in  normal

marine  and  euxinic  settings.     In  the  situation  of  normal

marine  environments,  H2S  necessary  for  the  formation  of

pyrite  is  produced  by  bacterial  sulfate  reduction  below  the
sediment-water  interface   (Raiswell  and  Berner,1985).

Additionally,  burial  of  organic  matter  is  important  because

it  is  necessary  for  in  situ  sulfate  reduction  and  H2S  forma-

tion   (Berner,1971).     Therefore,   for  most  normal  marine

sediments  possessing  adequate  detrital  iron  (from  iron

coatings  on  grains) ,  the  principal  factor  limiting  pyrite
formation  is  the  amount  of  organic  matter  buried  (Raiswell

and  Berner,1985).     Pyrite  forms  diagenetically  resulting  in

a  good  correlation  between  pyrite  content  and  organic  mat-

ter®

Euxinic  sediments  possess  H2S  above  the  sediment-water

interface  as  well  as  within  the  sediment  so  that  pyrite  can

16



form  before  burial   (syngenetically)   in  the  water  column  and

at  the  sediment-water  interface   (Raiswell  and  Berner,1985).

Consequently,   as  a  result  of  the  presence  of  H2S,   organic

carbon  is  not  required  at  the  site  of  pyrite  formation,
which  leads  to  a  situation  in  which  high  pyrite  sulfur  can

coexist  with  low  organic  carbon  content.    Thus,  the  limiting

f actor  in  pyrite  formation  in  euxinic  settings  is  not  the
amount  of  organic  carbon  buried  as  in  normal  marine  condi-

tions,  but  the  quantity  of  detrital  reactive  iron  present

(Raiswell,1982;   Leventhal,1983b;   Berner,   1984;   Fisher  and

Hudson,1987).     As  a  consequence,   S  is  normally  better

correlated  with  Fe  than  with  TOG  in  euxinic  sediments.

A  complication  usually  results  in  euxinic  sediments

when  additional  diagenetic  pyrite  is  formed.     The  diagenetic

pyrite  is  carbon-limited  as  opposed  to  the  syngenetic  pyrite
which  is  iron-limited  rather  than  carbon-limited.    A  TOG-S

plot  here  results  in  a  situation  similar  to  that  of  normal
marine  conditions  (positive  slope) ,  but  with  a  positive

intercept  on  the  S  axis   (Leventhal,1979)   (Figure  3).

To  discern  accurately  the  inf luence  of  iron  availabili-
ty,  reactive  iron  contents  must  be  determined,  leading  to

DOP  values.     DOP  is  defined  as  a  paleoenvironmental  indica-

tor  of  bottom-water  oxygenation  conditions  (Raiswell  et  al. ,

1988)   and  is  calculated  as  follows:

DoP  =  Fepy  /   (Fepy  +  FeHc|)

17



Figure  3.  Idealized  plots  resulting  from  the  formation
of  iron-limited  syngenetic  pyrite  (A).  Note
uniform  DOP  with  an  increase  in  %  TOG   (a).
Adapted  from  Raiswell  and  Berner  (1985) .
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'
where  Fepy  is  pyritic  iron  and  FeHci  is  acid-soluble  iron.

DOP  has  the  advantage  of  removing  the  ef fects  of  total  iron

on  pyrite  sulfur  concentration  (Raiswell  and  Berner,1985).

The  use  of  the  parameter  eliminates  the  ef fects  from  sedi-

ment  to  sediment  of  total  iron  and  places  the  emphasis  on

the  reactivity  of  iron  and  H2S  production.     Overall,   if  DOP

is  high,  the  higher  the  H2S  concentration,  the  greater  the

reactivity  of  iron  minerals  present,  and  the  longer  that  H2S

remains  in  contact  with  the  iron  minerals  (Raiswell  and

Berner,1985).

DOP  also  can  be  related  to  the  redox  state  of  the

overlying  seawater  and  microenvironments  in  the  top  f ew

centimeters  of  the  sediment   (Raiswell  and  Berner,   1985,

1986).     Various  terminology  has  been  applied  to  the  oxygena-

tion  levels  within  environments.     Aerobic  or  normal  marine

(well-oxygenated)  water  columns  generally  produce  DOP  values

less  than  0.45.     Dysaerobic  or  suboxic   (low  to  no  02

present,   but  no  H2S)  water  columns  provide  intermediate  DOP
values  from  0.46  to  0.75.     Bituminous,   inhospitable  condi-

tions,  anaerobic,  or  euxinic  have  been  applied  to  water

columns  containing  no  02,   but  H2S-containing,   With  DOP

values  greater  than  0.75.     These  boundaries  between  aerobic,

dysaerobic,  and  inhospitable  conditions  in  the  bottom-water

have  been  applied  according  to  work  by  Raiswell  et  al.

(1988)  .

20



'

Reactive  iron  is  essentially  nonsilicate-bound  iron

(amorphous  iron  oxides,   oxyhydroxides,   and  crystalline
oxides),   but  may  also  include  iron  monosulfides   (Can field,

1989).     DOP  measures  the  completeness  of  reactive  iron

reacting  with  aqueous  sulfides.     In  other  words,  a  sample

that  possesses  a  DOP  of  0.80  indicates  that  20%  of  the

remaining  reactive  iron  could  undergo  sulfidization,  provid-

ing  suf f icient  sulf ide  material  is  present  and  the  reaction
has  ample  time  to  take  place.

The  importance  of  DOP  is  in  its  usefulness  in  the  study

of  euxinic   (and  near-euxinic)   sediments.     In  the  euxinic

scenario,  C/S  plots  yield  a  positive  slope  with  a  positive

intercept  on  the  S  axis.    The  nonzero  intercept  contrasts

with  the  normal  marine  scenario.     Percentage  of  organic

carbon  present  plotted  versus  DOP  yields  a  pronounced  posi-

tive  slope  in  the  euxinic  situation  (as  a  result  of  pyrite
forming  syngenetically  as  well  as  diagenetically)  compared

with  a  flat   (zero)   slope  on  the  TOG  versus  DOP  in  the  normal

marine  situation.    Thus,  the  two  scenarios  are  separated

only  easily  if  DOP  as  well  as  C/S  ratios  are  used,  but  are

difficult  to  separate  using  only  C/S  plots  (Raiswell  and

Berner,1985).

In  summary,  three  principal  depositional  settings

characterize  black  shale  development  (Table  1).     These  in

clude  euxinic  (inhospitable  bottom-water  oxygenation  condi-

tions) ,   normal  marine  (oxygenated  bottom  waters) ,   and  fresh-
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'
water  (oxygen-rich).     Eight  parameters   (both  qualitative  and

quantitative)  are  used  to  separate  the  three  principal
environments  of  carbonaceous  shale  units:   rate  of  sedimenta-

tion,     34S  values,   ToC/Spy  ratios,   organic  carbon  character,

DOP  values,   pyrite  mode  of  formation,   bottom-water  oxygena-

tion  conditions,  and  circulatory  processes.
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Table  1. A  general  comparison  of  various  depositional
settings  of  black  shales.    Note  the  lack  of
modern  analog  for  semi-euxinic  depositional
environment,  thus  pyrite  formation  and  bottom-
water  oxygenation  are  unclear.     Compiled  from
numerous  sources.
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General Coml)arison of DeDositional Settings of Black Shales

Example

EuxinicBlackSea (modern) SemiouxinicMidcontinent Normal marineanoricseaiments Freshwaterlacustrineenviron ments

Upper twonian of Pennsylvanian Holceene

Appalachians (ancient)

(ancient)

S isctoFNes light intermediate intermediate heavy

C/S ratios low (1 -2) low (1 -2) moderato (3) high (8-10)

cop value high low-moderate moderate low

Pyrite fin. Addn. Of C-limited ? syngenetic pyrite syngenctie pyTite

diagenctic pyrite

high reactive iron reactive iron low raetive iron
Fe-limited C-limited S-limited

Bottom-water H2S-laden ? NO H2S No H2S

onygenation 02-rich Low 02

Organic C preervation combination mostly production
control pre-ation production

and production



Chapcer  3.  Description  of  Analytical  Methodology

Study  methods  f or  the  research  of  Midcontinent  Pennsyl-

vanian  black  shales  includes  field  work,   core  analysis,   X-

ray  fluorescence   (XRF) ,   organic  carbon  measurement,   sulfide-

sulfur  determination,  acid-soluble  iron  determination,  X-ray

diffraction  (XRD) ,   sulfur  isotope  analyses,  pyrolysis   (Rock-

Eval) ,   instrumental  neutron  activation  analysis   (INAA) ,   and

statistical  analysis   (Figure  4).     X-ray  fluorescence   (XRF,

Rigaku  Model  3070  made  with  pressed  microcrystalline  cellu-

lose  disks) ,   organic  carbon  measurement   (Perkin-Elmer  Model

240  Elemental  Analyzer) ,   sulfide-sulfur  determination

(modified  method  of  Can field  et  al.   (1986)),   acid-soluble

iron  determination   (Beckman  Model  DU-2  Spectrophotometer

using  0-phenanthroline  method) ,   and  X-ray  diffraction   (XRD,

Siemens  Model  500  X-ray  Diffractometer  with  Cu  tube)  were

conducted  at  the  Department  of  Geology,  University  of  Cin-

cinnati.    Statistical  analyses  were  conducted  with  the  aid

of  Mr.  Roger  Stuebing  at  the  Department  of  Social  Sciences,

University  of  Cincinnati  using  the  Statistical  Package  for
the  Social  Sciences   (SPSS).     Representative  samples  were

sent  to  XRAL  Laboratories  in  Ann  Arbor,  Michigan  for  instru-

mental  neutron  activation  analysis   (INAA).     Other  INAA  data

were  provided  by  Dr.   Raymond  M.   Coveney,   Jr.,   of  the  Univer-

sity  of  Missouri-Kansas  City.     Selected  samples  were  sent  to

Dr.   Edward  M.   Ripley  of  Indiana  University  in  Bloomington,
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Figure  4.  Flowchart  of  analytical  methodology
f or  the  study  of  the  geochemistry  of
Midcontinent  Pennsylvanian  black  shales.
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Indiana,   for  sulfur  isotope  analyses.    Additionally,  several

representative  samples  were  sent  to  Dr.   Michael  D.   Lewan  of

Amoco  Production  Company  Research  Center  in  Tulsa,   Oklahoma

for  pyrolysis   (Rock-Eval).

Sample  Collection

Rock  samples  comprising  this  study  consisted  of  both

outcrop  and  core  samples.     Most  core  samples  were  provided

by  the  Kansas  Geological  Survey  in  Lawrence,   Kansas.     Two

core  samples  were  provided  by  Dr.   Raymond  M.   Coveney,   .r. ,

of  the  University  of  Missouri-Kansas  City,   and  one  core

sample  suite  was  provided  by  Dr.   Daniel  F.   Merriam  of  The

Wichita  State  University  and  Kansas  Geological  Survey.

Outcrop  samples  of  the  Heebner-  and  Shanghai-type  black

shales  were  collected  during  the  field  seasons  of  1988,

1989,   and  1990.     A  total  of  75  outcrop  and  core  samples  from

37  localities  were  utilized  for  this  study  (Figure  5).

Additional  samples  were  provided  by  the  Indiana,  Missouri,

and  Iowa  Geological  Surveys  through  the  courtesy  of  Dr.   R.

M.   Coveney,   Tr.   of  the  University  of  Missouri-Kansas  City.

In  addition,  published  data  of  organic  carbon  measurements,

DOP  values,   and  sulfide-sulfur  measurements  also  were  used

for  comparison.
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Figure  5.  Study  area  of  Heebner-type,  Shanghai-type,  and
Mecca-type  black  shales  in  this  study.    Symbols
generalized  locations.    Adapted  from  Schultz
and  Coveney  (in  press) .
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'
The  sampling  scheme  for  outcrop  samples  consisted  of

tracing  individual  units  along  strike  in  eastern  Kansas,

southeastern  Nebraska,   and  west-central  Missouri.     The

Mecca  Quarry  Shale  samples  were  collected  in  several  loca-

tions  in  west-central  Indiana  near  the  type  section:  the

Mecca  Quarry  fossil  dig  of  Zangerl  and  Richardson   (1963)

near  Mecca,   Indiana   (Figure  5).     Samples  collected  are

representative  of  the  least-weathered  surfaces,  nearest  the
watertable  where  repeated  wetting  and  desiccation  is  at  a

minimum.     Continuous  channel  samples   (1-4  cm  intervals)

were  collected  in  several  locations  to  characterize  fully

the  vertical  succession  of  the  units.

Representative  Heebner-type  and  Shanghai-type  black

shale  samples   (both  outcrop  and  core)   from  west-central

Missouri,   southeastern  Nebraska,   and  eastern  Kansas  were

powdered  to  -400  mesh  in  a  shatterbox  at  the  University  of
Cincinnati.     In  order  to  minimize  oxidation  of  samples,

crushing  occurred  as  soon  as  possible  following  collection.

It  was  determined  by  microscopy  that  two  to  three  minutes

per  sample  in  a  Spex  Mill  shatterbox  with  tungsten  carbide
mill  reduced  samples  to  uniform   (<  400  }im)   powders.     Obser-

vations  of  the  resulting  powders  under  a  standard  petro-

graphic  microscope  confirmed  that  the  grain  size  was  uniform

between  mineral  types  within  the  black  shales.     Following

crushing,  the  powders  were  stored  immediately  in  air-tight

nalgene  plastic  containers  for  later  analyses  (colorimetric
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iron  determination,   sulfide-sulfur  measurements,  organic

carbon  investigations,   INAA,   XRF,   XRD,   etc.).     The  selection

of  samples  f or  various  analytical  measurements  was  based  on

location  (both  vertically  within  a  given  section  and  region-

ally),   lithology  (black  shale,  dark-gray  shale,  or  gray

shale) ,   and  black  shale  type  (Heebner-type,   Shanghai-type,

or  Mecca-type) .

Whole-Rock  X-ray  Fluorescence  ("F)  Analyses

A  Rigaku  3070  X-ray  wavelength  dispersive  spectrometer

at  the  University  of  Cincinnati,   Department  of  Geology  was

used  for  determining  percentages  of  major  oxides  and  ele-

ments  within  black  shale  samples.     Standards  used  for  cali-

bration  curves  included  both  U.S.  Geological  Survey  geochem-

ical  standards  and  N.I.S.T.   standards   (see  Appendix  8.).     A

total  of  25  geochemical  standards  were  used  in  the  construc-

tion  of  calibration  curves.     Major  oxides  and  elements

analyzed  for  included:   Si02,   Ti02,   A1203,   Fe203,   Mn02'   Caot

Na20i   K20,   P205,   and  total  sulfur   (S).     Both  core  and  out-

crop  samples  were  crushed  and  pressed  into  thin  pellets  with

microcrystalline  cellulose  serving  as  the  base.    A  Spex  X-

press  was  used  at  20  tons  of  pressure  to  press  the  pellets.

The  reasons  for  using  a  microcrystalline  cellulose  base

include:  ease  of  handling,  durability,  chemical  stability,
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and  it  provided  a  nonreactive,   semi-nonporous  medium.

Pellets  were  analyzed  at  three  repetitions  each  and  plotted

interactively  on  the  calibration  curves  using  a  DEC  computer

system.     Settings  for  the  XRF  unit  were  as  follows:  voltage
-50kv,   current  -50  rnA,   P-10  gas  -50.

Tocal  and  Organic  Carbon  Measurement

Total  and  organic  carbon  measurements  were  conducted

using  a  Perkin-Elmer  240  Elemental  Analyzer  at  the  Depart

ment  of  Geology  at  the  University  of  Cincinnati.     The  meas-

urements  were  made  by  the  detection  of  combustible  products

(i.e.,   C02  for  carbon).     Besides  carbon,   the  Perkin-Elmer

240  Elemental  Analyzer  accurately  determines  nitrogen,

hydrogen,   and  sulfur  contents  of  whole  rock  samples  by

detecting  their  combustion  products   (N2,   H20,   and  S02).

Only  the  carbon  content  was  measured  in  this  study.

The  U.   S.   Geological  Survey  geochemical  standard  SDO-1

(Ohio  Devonian  Shale)  was  used  as  a  reference  standard  in

both  total  carbon  and  total  organic  carbon  measurements.

SDO-1  contains  10.48%  total  carbon  and  10.13%  total  organic

carbon   (TOG)   as  measured  by  the  U.S.   Geological  Survey.

Calculations  to  determine  the  weight  percent  total

carbon  in  the  SDo-1  standard  consisted  of  taking  the  voltage

difference  (in  mv)  between  the  blank  ladle  and  the  standard

sample  in  the  ladle.     A  K  value  was  determined  by  dividing
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the  voltage  difference   (in  mv)   by  0.1048  and  the  weight   (in

mg).     The  K  value  then  is  used  to  convert  the  voltage  dif-

ference  to  a  weight  percent  of  total  carbon  present.    Un-

knovm  samples  were  then  run  and  compared  to  the  standard

SDO-1  in  terms  of  intensity  on  a  chart  recorder  attached  to

the  system.

Following  determinations  for  weight  percent  total

carbon,  powder  samples  were  treated  with  concentrated  Hcl

(12  N)   to  dissolve  any  carbonate   (nonorganic)   carbon

present.     Samples  were  filtered  and  residue  allowed  to  dry
overnight  at  50.C  in  an  oven.     Procedures  were  followed  as

in  the  investigation  for  total  weight  percent  carbon,  but
using  0.1013  total  organic  carbon  in  place  of  0.1048  total

carbon  for  the  SDO-1  standard.     A  K  value  was  determined  by

dividing  the  voltage  difference   (in  mv)  by  0.1013  and  the

weight   (in  mg)   of  the  sample.     The  K  value  is  used,   as  in

the  total  carbon  investigation,  to  convert  the  voltage
difference  to  a  weight  percent  total  organic  carbon  (TOG)

present.     Unknown  samples  were  run  in  an  identical  manner
and  compared  to  SDO-1  in  terms  of  intensity  on  the  chart

recorder.    All  samples  throughout  the  investigation  were

weighed  on  a  microbalance  to  the  nearest  0.0001  gin.     Experi-

mental  error  in  this  study  was  0.5-1.0%  based  on  duplicate

runs,   although  Liu   (1988)   reported  errors  of  only  0.1-0.5%

with  the  same  equipment  and  standard.    Three  repetitions  of

each  sample  were  run  to  insure  reproducible  results.    The
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Perkin-Elmer  240  Elemental  Analyzer  was  allowed  to  warm  up

for  one  to  two  weeks  before  stabilizing  and  sample  blanks

were  run  and  new  K  values  calculated  each  time  the  machinery

was  used.

Sulf ide-Sulfur  Measurement

Because  sulfur  is  present  in  both  modern  sediments  and

ancient  rocks  in  a  variety  of  phases  (e.g.,  pyrite,  elemen-

tal  sulfur,  sulfate,  and  organic  sulfur),  a  method  of  parti-

tioning  these  sulfur  phases  was  necessary  in  this  study

(Liu,1988).     The  technique,   designed  specifically  to  deter~

mine  reduced  inorganic  sulfide-sulfur,  is  essentially  the

same  as  that  devised  by  Can field  et  al.   (1986),  with  minor

modifications.     Powder  samples  are  used  to  convert  sulfur

compounds  within  the  black  shales  to  a  silver  sulfide  pre-

cipitate,  which  can  be  used  later  for  sulfur  isotope  analy-
ses.

The  technique  used  in  this  study  utilized  a  chromium

reduction  system  described  by  Can field  et  al.   (1986)   and

modified  by  Okita   (1987)   and  Liu   (1988).     In  this  study,

further  modif ications  were  necessary  in  order  to  accommodate

the  high  content  of  pyrite  in  the  Pennsylvanian  black

shales.    Essentially,  the  procedure  involved  digesting

approximately  0.1-1.0  gins  of  sample   (crushed  to  -400  mesh)

in  two  portions.     Initially,  boiling  in  6  N  Hcl  is  accom-
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plished  to  remove  acid-soluble  sulfates  and  carbonate  mate-
rial  present.     Secondly,  the  conversion  of  pyrite  to  H2S  is

accomplished  by  adding  a  solution  of  Crc13   (a  .ones  Reduc-

tor)  reduced  over  zinc  and  heating  for  2  to  4  hours,  or

until  reduction  occurs.    A  nitrogen  atmosphere  is  maintained

throughout  the  process.     H2S  is  piped  into  a  AgN03  trap

where  an  Ag2S  precipitate  is  formed.     The  Ag2S  precipitate

is  weighed  and  used  to  calculate  sulfide-sulfur  content.

Sample  weight  is  recorded  in  gins  and  is  acquired  by  taking

the  difference  between  the  f ilter  paper  weight  +  sulf ide
weight  and  filter  paper  weight.    The  result  (silver  sulfide

weight  in  gins)   is  multiplied  by  12.9381%   (the  weight  percent

of  sulfur  present  in  Ag2S)   and  divided  by  the  original  black

shale  sample  weight.     The  final  result  is  sulfide  in  weight

percent.
It  should  be  noted  that  this  technique  represents  the

most  ef f icient  and  reproducible  method  to  obtain  inorganic

sulfide-sulfur  data.     It  was  determined  that,  unlike  the

method  of  Liu   (1988),   who  used  powdered  zinc,   zinc  shot  was

most  effective  in  totally  reducing  the  Crc13  solution.     Zinc

powder  tended  to  float  and  flocculate,  thus  making  transfer
of  the  Crc13  solution  into  the  sample  chamber  difficult.

Thus,  this  method  represents  a  combination  of  the  Can field

et  al.   (1986),   Okita   (1987),   and  portions  of  the  Liu   (1988)

methods.     However,   an  innovation  not  used  in  any  of  these

techniques  includes  a  stopcock  technique  rather  than  syringe
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methods.     The  glassware  with  stopcocks  provided  an  efficient

way  of  transferring  f luids  without  the  dif f iculty  of  sy-
ringes.       Crc13  added  to  the  sample  must  be  reduced  (evi-

denced  by  a  blue  color  from  the  original  green  of  the  solu-

tion).     To  accomplish  the  Crc13  reduction,   60  ml  of  H20  +  10

ml  6  N  Hcl  was  added  to  approximately  fifty  zinc  pellets.

The  reaction  progresses  for  approximately  15  minutes  at

which  time  the  solution  was  drained  and  Crc13   (now  green)   is

added  to  the  zinc  shot.    An  exothermic  reaction  continues

for  15  to  20  minutes  or  until  a  blue  color  results.    At  that

time,  the  solution  is  added  to  the  sample  chamber  by  opening

the  appropriate  stopcock.

Additionally,   it  was  determined  that  large  amounts  of

total  sulfur  in  shale  samples  tended  to  overwhelm  the  sys-

tem.    Through  experimentation,   it  was  determined  that  total

sulfur  contents  for  shale  samples  with  greater  than  3.0%

total  sulfur  content,  only  0.1  gin  of  sample  could  be  used.

From  2.5  to  3.0%  total  sulfur  in  samples,   0.25  to  0.50  gins

of  sample  were  used,   and  for  sample  containing  less  than

2.5%  total  sulfur,   0.50  to  1.0  gins  of  sample  was  used.     The

accuracy  of  this  method  was  determined  by  using  pure  pyrite

samples   (weight  percent  of  sulfur  in  pyrite  is  53.34).

Three  samples  were  run  resulting  in  an  average  weight  per-

cent  of  51.21  or  96%  return.     Average  error  is  approximately

0.5  to  1.0%.     Liu   (1988),   using  a  similar  but  not  identical

setup,   reported  a  97%  return  and  0.1%  error.     The  time  for
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complete  conversion  of  pyrite  varied  from  i.5  hours  for

pyrite-poor  samples  to  4.5  hours  for  pyrite-rich  samples.

Colorime€ric  Iron  Deferninacion  (Acid-soluble  iron  determi-
nation)  and  Degree  of  PyritizaEion  (IX)P)

Colorimetry  is  based  on  the  principle  that  iron  is

dissolved  into  solution  and  reduced  (to  the  ferrous  or  Fe+2

state)  by  boiling  with  concentrated  Hcl  and  hydroxylamine.

The  solution  is  treated  with  1,10  phenanthroline  (indicator)

solution.     The  orange-red  solution  obeys  Beer's  Law  and  a  pH

of  2.9-3.5  insures  rapid   (15  minutes)   color  development  in

the  presence  of  excess  phenanthroline   (Taras,   1971;   Liu,

1988).     The  purpose  of  colorimetric  iron  determination  is  to

express  ferrous,  ferric,  and  total  iron  concentrations  in  a
sample  solution  and  calculate  DOP  (degree  of  pyritization) ,

therefore  inferring  a  quantitative  expression  of  deposition-
al  setting.

The  colorimetric  iron  determination  was  used  in  this

study  because  it  extracts  the  most  reactive  iron  compounds

and  is  readily  reproducible   (Liu,1988).     A  Beckman  DU-2

spectrophotometer  was  used  to  decermine  ferrous  (acid-solu-

ble),   ferric,  and  total  iron  contents.    Ferric  iron  was  not

measured  directly  during  the  process,  but  was  calculated  as

the  difference  between  total  iron  minus  ferrous  iron
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present.
Reactive  iron  determination  in  the  laboratory  is  criti-

cal  to  an  accurate  assessment  of  DOP.     Reactive  iron  is

often  equated  with  acid-ex€ractable  iron,  which  is  thought

to  represent  the  iron  that  has  the  potential  to  react  with
dissolved  sulfides  in  order  to  form  pyrite  (Leventhal  and

Taylor,1990).     Experimentally,   DOP  has  been  determined

using  a  number  of  different  methods.     Berner  (1970)   defined

reactive  iron  as  the  iron  that  was  solubilized  from  a  100  mg

sample  by  a  1-minute  concentrated  Hcl  boil.     More  recent-

ly,   however,   Leventhal  and  Taylor  (1990)  have  shown  that  a

24-hour  room  temperature  treatment  with  1  N  Hcl  is  as

accurate  and  effective,  yet  with  easier  laboratory  handling.

Additionally,   Can field   (1988)   and  Berner   (1987)   have  pre-

sented  results  indicating  reaction  with  reagents  such  as  Na-

dithionite  in  a  citrate  buffer,  provide  ample  results.    A
comparison  of  the  DOP  of  SDO-1   (Ohio  Devonian  Shale  Stand-

ard)   in  this  study  with  that  of  the  U.S.  Geological  Survey

in  Denver,  Colorado  revealed  virtually  identical  results.

Leventhal  and  Taylor   (1990)   obtained  values  of  0.73-0.76  for

DOP  of  SDO-1  using  a  24  hour  room  temperature  leaching

method,  whereas  a  value  of  0.71  was  obtained  in  this  study

using  a  one-minute  boil  in  Hcl  procedure.

In  this  study,  standard  solutions  for  the  colorimetric

iron  determination  were  prepared  by  using  f errous  sulf ate

(Fes04).     The  standard  solution  was  diluted  into  four  con-

39



'

centrations   (1  mg/l,   2  mg/i,   5  mg/i,   and  10  mg/I)   with

deionized  distilled  water  in  order  to  construct  a  standard
calibration  curve.    Solution  aliquots  were  treated  with
hydroxylamine  (loo  g/i  concentration)  reducing  ferric  iron

to  the  ferrous  state.    An  ammonium  acetate  buffer  was  then

added  to  the  aliquots  with  phenanthroline  (indicator)

present  to  develop  an  orange  color  in  the  solution.     Sample
solutions  were  measured  f or  iron  in  a  Beckman  DU-2  spectro-

photometer  (tungsten  light  source  and  510  +1  for  iron)  to
obtain  absorption  values.    Absorption  versus  concentra-

tion  was  plotted  to  produce  a  standard  linear  plot  and

subsequent  shale  samples  were  treated  in  an  identical  f ash-

ion  as  the  standards.

X-ray  Diffraction  (mD)  and  Clay  Hineralogy

A  brief  examination  of  the  clay  mineralogy  of  the  Mid-

continent  Pennsylvanian  black  shales  is  important  in  under-

standing  the  chemical  make-up  of  the  shale  units.     The  prepa-

ration  of  the  samples  for  analysis  consisted  of  a  single
method  of  preparation  for  all  samples;  this  includes  samples

from  all  three  black  shale  types.

Samples  were  collected  in  the  field  and  from  cores   (see

section  on  sample  collection).     Samples  were  crushed  into  a

f ine  powder  with  a  mortar  and  pestle  and  placed  in  airtight

Nalgene  containers.     Following  crushing,   each  sample  was  run
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as  a  randomly  oriented  pressed  powder  sample  on  the  X-ray

diffractometer.     This  method  provides  an  indication  of  both

the  bulk  mineralogy  of  the  shale  samples  and  the  proportion

of  clay  and  nonclay  minerals  present.     Diffraction  traces

were  recorded  from  2  degrees  two-theta  to  50  degrees  two-

theta,  in  order  to  access  the  range  of  minerals  present.

The  equipment  used  for  the  X-ray  dif fraction  analyses  was  a

fully  automated  Siemens  D-500  X-ray  powder  dif fractometer

With  copper   (Kaipha  radiation)   tube  and  a  monochromator.

Settings  for  the  diffractometer  were:  voltage  -  40  kv,

current  -30  rnA,   and  a  scan  time  of  0.10  degrees  per  second.

Nonclay  minerals  such  as  quartz,   feldspars,  carbonates,

pyrite,  as  well  as  organic  matter  are  normally  present  in
coarser  size  fractions  and  can  be  separated  from  the  clay

minerals  by  extracting  a  fine  particle  size,   leaving  the
coarser  fraction  as  a  residue   (Moore  and  Reynolds,1989).

Because  many  of  the  nonclay  minerals  can  mask  basal

clay  mineral  peak  intensities,  it  was  necessary  to  separate
the  samples  into  size  fractions.     Approximately  10  gin  of

shale  sample  powder  was  placed  in  a  200  ml  beaker  filled

with  deionized  water.     Sample  and  water  were  poured  into  a

stainless  steel  mixing  cup  and  placed  under  a  high  speed

stirrer  for  2-3  minutes.     Small  amounts  of  0.02  N  sodium

pyrophosphate  were  added  to  aid  in  the  dispersion  process.
The  sample  was  transferred  back  to  the  200  ml  beaker  and

allowed  to  stand  until  sand-sized  particles   (62  mu)  were

41



sedimented.     The  clay-silt  suspension  was  decanted  and  water

was  added  to  the  200  ml  mark.     The  suspension  was  allowed  to

stand  so  that  the  <  2  mp  e.s.d.   (equivalent  spherical  diame-

ter)  particles  settled  according  to  Stokes'  Law.    According

to  Moore  and  Reynolds   (1989),   particles  less  than  20  mu

generally  settle  in  a  fluid  obeying  Stokes'  Law.     Samples  in
this  study  were  separated  into  powder,   2  mp,   1  m}],   and  <  1

mp  size  fractions  according  to  the  settling  velocities
determined  using  Stokes'   Law.

Because  of  the  dif f iculty  of  producing  random  powder

mounts  of  clay  minerals,  a  preferentially  oriented  sample  is

most  appropriate  in  the  analysis  of  clays   (Moore  and  Reyn-

olds,1989).     Only  a  qualitative  assessment  of  clays  was

necessary  for  this  study,  therefore,  the  glass  slide  pipette
method  was  selected  for  the  oriented  clay  mineral  aggregate.

Approximately  5  ml  of  clay-water  suspension  was  transf erred

to  a  glass  slide  by  a  pipette  equipped  with  a  rubber  suction
bulb.     The  suspension  was  allowed  to  dry  at  room  tempera-

ture.    Slides  from  all  three  size  fractions  were  prepared

and  subsequently  air  dried.     Slides  were  X-rayed  according

to  normal  operating  procedures.

An  ethylene  glycol  solvation  method  was  employed  on

select  samples  to  improve  identif ication  of  clay  minerals  on

the  diffractometer  trace.    Slides,  prepared  in  the  various
size  fractions,  were  placed  on  a  porcelain  plate  in  a  desic-

cator  jar  with  ethylene  glycol  in  the  bottom  of  the  jar.
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The  jar  was  closed  and  placed  in  an  oven  at  60.C  for  a  mini-

mum  of  8  hours.     After  saturation  was  complete,   the  slides

were  X-rayed  within  one  hour  following  removal  from  the

Oven .

Clay  minerals  are  identified  by  the  basal   (001)  peaks

on  the  diffractograms,  usually  enhanced  by  oriented  aggre-

gates.     Normal   (hkl)  peaks  are  not  diagnostic  because  struc-
tures  of  most  clays  are  similar  in  the  X-Y  directions  (Moore

and  Reynolds,1989).     The  atomic  pattern  apparently  differs

in  the  Z  direction  and  therefore  is  most  diagnostic.    .CPDS

(Joint  Committee  on  Powder  Diffraction  Studies)   powder

dif fraction  cards  are  most  useful  for  the  identif ication  of
the  nonclay  minerals,   and  do  not  include  oriented  aggre-

gates,  therefore  making  the  identification  of  clay  mineral
constituents  difficult.     In  this  study,  powder  sample  dif-

fractograms  were  interpreted  using  the  TCPDS  powder  diffrac-

tion  cards  and  oriented  clay  mineral  aggregates  were  inter-

preted  using  data  gathered  from  Moore  and  Reynolds   (1989)

(Table   2).

Measurement  of  polytypes  was  accomplished  by  using  the

random  powder  mounts.     The  polytype  determinations  were  made

using  the   .IDM  program  on  the  X-ray  diffractometer  setup  on

chlorite,  illite,  and  kaolin  groups.    Polytypes  were  identi-

fied  using  Table  3  compiled  from  Moore  and  Reynolds   (1989).
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Table  2.   Clay  minerals  and  corresponding  basal  spacings
and  2-theta  angles.
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Clay Mineral Basal Spacings (001) 2-theta Glycolation effect
lllite 1 0 fi (002) 8.70 none
Chlorite 14.2 A + series ofbasa]spacings 6.27 none

Kaolinite 7.15 A, 3.75 A(002) 12.56 none

Smectite 15 A (001) 6.00 shift to 5.2 degrees2-theta(16.9fi)



Table  3.  Clay  minerals,  polytypes,  and  their  associated
peaks  on  the  X-ray  diffraction  trace.    Data
compiled  from  Moore  and  Reynolds   (1989) .
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Clay Mineral           Polytype              peaks
d-2.e5
d.2.cosong
d*2.cO
d=2.65
d=2.51 Strong
dril5
d=2.47
d=2-cO
d=2. 59 Strong
dfaas etrong
dfa46 Strong
d=2.sO Strong
d =2.26 strong

Dicidto                                      d rfe.2ce
drdoe7
d±907
d=2.796
d=2.32g
d=2.21 1

dll.974
a-1.8cO

hlacrit®                                   a id44
dad.09
d*2.9e7
d241
d=2.27
d=2.09
d=1.92

d-1.67
d=1.62

1L.d and  lw                            d=2.450 (131)
d-2.406(132)
dfai5e(Ice)
dJ.36 (111)
d4.12(021)
dz®.ee(112)
drfuo7 (1 12)
dd.9® (113)
d=2.cO {023)
d4.29 (111)
dJ.00022)
d-3.ee {i 1 3)
drfu72 o23)
da49(114)
de.2o (1 14)
d.2.9e co
d-2.ce{ii5)
da.2.79(116)



Pyrolysis  (Rock-Eval)  Analysis  of  Whole-Rock  Samples

A  standard  method  of  source-rock  evaluation   (Rock-Eval)

was  used  in  the  study  of  Midcontinent  Pennsylvanian  black

shale  samples.     Rock-Eval  utilizes  a  pyrolysis  device  where

the  sample   (approximately  loo  mg)   is  heated  progressively  to

550.C  under  an  inert  atmosphere   (e.g.,   helium)   using  a

temperature  program  or  pyrogram  (Peters,1986).     Allowing

for  time  to  cool  the  oven,  most  sample  analyses  require  20

to  30  minutes.

Hydrocarbons  already  present  in  the  rock  in  a  f ree

state  or  adsorbed  state  are  volatized  at  moderate  tempera-

tures  so  that  the  quantity  of  these  hydrocarbons   (REVOL  =

Si)   is  measured  by  a  flame  ionization  detector   (FID)   (Tissot

and  Welte,1984).     Subsequently,   pyrolysis  of  kerogen  re-

sults  in  the  generation  of  hydrocarbons  and  hydrocarbon-like

compounds   (REGEN  =  S2)   and  oxygen-containing  volatiles

(i.e.,   C02   (S3)   and  water)   (Tissot  and  Welte,1984).     Vola-

tile  compounds  generated  are  split  into  two  streams  passing

respectively  through  an  FID  which  measures  S2  and  a  thermal

conductivity  meter  measuring  S3   (Tissot  and  Welte,1984).     A

temperature  program  (pyrogram)   allows  for  good  Si  and  S2

peak  separation  on  the  FID   (Peters,1986).     However,   the

measurement  of  S3  is  limited  to  a  convenient  temperature

window  in  order  to  include  the  main  stage  of  C02  generation

from  kerogen,   and  to  avoid  other  C02  sources  (i.e.,  carbon-
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ate  decomposition,   especially  of  siderite)   and  was  not

measured  during  this  analysis.     An  additional  parameter

measured  is  the  maximum  temperature  of  hydrocarbon  genera-

tion  during  Pyrolysis   (Tmax).     This  parameter  is  utilized

mainly  for  evaluation  of  maturation  stages   (Claypool  and

Read,1976).

The  type  of  kerogen  is  characterized  by  the  hydrogen

index   (REG-TOG  =  S2/TOC   in  wgt.   %   /  wgt.   %).     This   index   is

independent  of  organic  matter  abundance  and  is  strongly

related  to  the  elemental  composition  of  kerogen  (Tissot  and

Welte,1984).     Therefore,   a  semiquantitative  evaluation  of

the  genetic  potential  of  a  given  rock  can  be  achieved  by

pyrolysis.    The  S]  quantity  represents  the  fraction  of
original  genetic  potential  ef fectively  transformed  into
hydrocarbons.    The  S2  quantity  reflects  the  other  fraction
of  the  genetic  potential  or  the  residual  potential  which  has

not  yet  been  used  to  generate  hydrocarbons   (Peters,1986).

Therefore,  Si  +  S2  is  an  expression  that  evaluates  the

genetic  potential,  which  accounts  for  abundance  and  type  of
organic  matter.

The  pyrolysis  method  of  Espitalie  et  al.   (1977)  uti-

lizes  the  three  parameters  S[,   S2,   and  S3.     However,   other

methods,  such  as  that  used  in  this  study,  measure  only  Si

and  S2.     Additionally,   Tmax  is  recorded  at  the  maximum

temperature  of  hydrocarbon  generation  during  pyrolysis.
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'
Barker   (1974),   Claypool  and  Read   (1976),   and  Espitalie

et  al.   (1977)  have  shown  that  two  indices  are  of  specific

importance  in  characterizing  the  rank  of  evolution:   Si/(Si  +

S2)   and  the  temperature  Tmax   (Tissot  and  Welte,1984).

Barring  migration,   Si/(Si  +  S2)  represents  the  transforma-

tion  ratio  where  the  continual  increase  of  this  ratio  with
depth  makes  it  a  valuable  index  of  maturation  (Tissot  and

Welte,1984).     Additionally,   these  values  may  be  used  as  a

quantitative  evaluation  of  the  hydrocarbons  generated.
Tmax  also  increases  With  depth,  but  the  numerical  scale

must  be  calibrated  with  depth  because  of  the  scale  change

With  the  rate  of  heating.     Tmax  is  among  the  most  reliable

parameters  for  characterizing  thermal  evolution  (Tissot  and
Welte,1984).

A  classification  scheme  generally  used  for  source-rock

potential   (Tissot  and  Welte,   1984)   is:
for  Si:       <2000  ppm:   no  oil  source  rock,   potential  for  gas

2000-6000  ppm:   moderate  source  rock
>6000  ppm:   good  source  rock

In  summary,  Rock-Eval  is  a  pyrolysis  process  used  to

rapidly  evaluate  the  petroleum-generative  potential  and
thermal  maturity  of  whole-rock  samples.     Pyrolysis  de-empha-

sizes  organic-poor,  clay-rich  samples  that  show  low-hydrogen

indices  and  high  Tmax  Values.     Tmax  is  affected  by  matura-

tion,   organic  matter  type,  contamination,   and  mineral  types.

Constant  sample  weights   (100  mg)   are  used  and  organic-rich

50



samples  may  be  diluted  with  carbonate  material  so  that

detector  linearity  by  pyrolizing  various  weights  of  an
organic-rich  rock  may  be  determined  (Tissot  and  Welte,

1984 ) .

Instrumental  Neucron  Ac€iva€ion  Analyses  (INAA) :  Rare  Earth

Elements

Rare  earth  elements   (REE)  are  trace  constituents  in

most  geochemical  environments.     Only  rarely  are  they  indi-

vidually  present  at  more  than  a  few  parts  per  million,  as  in

situations  of  extreme  fractionation  (Taylor  and  MCLennan,

1988).     In  this  study,   instrumental  neutron  activation

analysis   (INAA)  was  used  to  determine  quantities  of  REE

present  in  black  shale  samples.     The  analyses  were  performed
by  XRAL  Laboratories  in  Ann  Arbor,  Michigan.   Detection

limits  were  as  follows:

La0.
Ce3.
Nd5.
Sm0.
Eu0.
Tb0.
Yb0.

One  dif f iculty  in  the  comparison  of  REE  data  is  the
''odd-even  effect",   in  which  even-numbered  lanthanides  are

more  abundant  than  those  with  odd-numbered  atomic  numbers.
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Numerous  types  of  normalizing  procedures  have  been  adopted

to  overcome  the  difficulties  in  data  comparison.    Currently,

two  methods  are  generally  accepted  and  widely  used  in  nor-

malizing  the  data.     The  Coryell-Masuda  method   (Coryell  et

al.,1963)  consists  of  forming  a  ratio  of  one  pattern  to

another,  usually  a  chondritic-abundance  pattern.    This

removes  the  ''odd-even  ef fect"  producing  a  smooth  REF  pattern

and  allows  for  comparisons  between  different  patterns.     It

also  openly  displays  enrichment  or  depletion  of  an  element

and  behavior  of  neighboring  elements   (Taylor  and  MCLennan,

1988).     Chondrite  normalizing  parameters  are  not  uniform

from  lab  to  lab,  but  usually  the  values  from  Evensen  et  al.

(1978),   are  used  in  comparisons.     Use  of  different  normaliz-

ing  factors  is  not  normally  a  problem  because  various  sets

of  chondrite-normalized  values  have  similar  interelement

ratios,   although  patterns  may  be  displaced  15  to  20%   (Taylor

and  MCLennan,1988).

The  second  type  of  abundance  pattern  used  for  normali-

zation  is  the  NASC   (North  American  Shale  Composite)   or  PAAS

(Post-Archean  Australian  Average  Shale)  methods.     These

patterns  are  generally  taken  to  represent  the  upper  conti-
nental  crust  after  exposure  to  erosion  and  weathering.    The

preference  for  use  of  PAAS  over  NASC   (composite)   is  based  on

the  potential  for  inclusion  of  aberrant  material  in  compos-

ite  samples.
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Europium  (Eu)   is  generally  fractionated  from  other  REF

and  thus  it  is  useful  in  quantifying  element  enrichment  or

depletion.     Eu/Eu*  is  the  ratio  of  Eu  to  a  theoretical

smoothing  value  for  no  anomaly  and  is  calculated  as:

whereE#/:u:h=n::¥¢:::Br:a::¥::/:alues

The  clay  mineral  fraction  is  an  important  carrier  for

REE.     Cullers  et  al.   (1979),   have  examined  REE  in  various

size  fractions  of  Pennsylvanian-Permian  Midcontinent  shales.

In  their  study,  they  showed  that  in  the  2  micron  size  frac-

tion   (normalized),   values  mimicked  the  REE  patterns  for  the

source  area  of  the  shales.    Additional  results  of  their
study  concluded  that  most  REE  are  present  in  the  less  than  2

micron  size  fraction,  but  no  correlations  of  REE  with  clay

mineralogy  was  evident.     Also,  the  nature  of  the  Eu  anoma-

lies  is  similar  in  all  of  the  size  fractions.

Sulfur  Isotope  Analyses

Sulfur  isotopes  can  aid  in  the  determination  of  sulf ide

and  metal  origins.    The  values  are  likely  to  reflect  the

biogeochemistry  of  ancient  seawaters  and  possibly  the  iso-

topic  composition  of  sulfate  in  the  ocean  at  the  time  of
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deposition   (Coveney  and  Shaffer,1988).

Isotope  analyses  in  this  study  are  from  Ag2S  residues

stemming  f ron  a  modif led  chromium  reduction  technique  in  the

partitioning  of  sulfide-sulfur.    Representative  samples  from
each  black  shale  unit  were  sent  to  Dr.   Edward  M.   Ripley  of

Indiana  University  in  Bloomington,   Indiana.     The  representa-

tive  samples  were  selected  to  provide  a  broad  cross  section

of  samples  from  various  locations.     This  type  of  sampling  is

benef icial  to  evaluate  the  relative  importance  of  sulf ide
formed  in  the  water  column  over  that  formed  diagenetically

within  the  sediment.    Trends  from  east  to  west  in  the  study

area  thus  can  be  discerned  based  on  the  results.

Residues  from  the  chromium  reduction  technique  were

combusted  with  Cuo  at  1000   .C  and  run  on  a  Nuclide  6",   60   .

sector  stable  isotope  ratio  mass  spectrometer.    Analytical

uncertainty  is  approximately  +  or  -0.2%.   (E.   M.   Ripley,

personal  communication,1990).

Statistical Analyses

In  order  to  determine  which  characteristics  are  most

useful  in  separating  Midcontinent  Pennsylvanian  black  shale

types,   it  was  necessary  to  discriminate  accurately  between

the  three  black  shale  types  defined.     Data  from  samples  were

treated  by  stepwise  discriminant  analysis  using  the  Statis-

tical  Package  for  the  Social  Sciences   (SPSS)   (Figure  6).
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Figure  6.  Flowchart  for  statistical  analyses  of  geochemical
data ,
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One  of  the  most  widely  used  multivariate  procedures  in

the  earth  sciences  is  the  discriminant  function  (Davis,

1986).     Discrimination  of  samples  is  determining  the  linear

combination  of  variables  that  provides  the  maximum  dif fer-

ence  between  two  or  more  groups   (Davis,   1986)   or,   as  defined

by  Klecka  (1975),   is  a  ''statistical  technique  which  allows

the  dif f erences  between  two  or  more  groups  of  objects  with

respect  to  several  variables  to  be  calculated  simultaneous-

ly."    Basic  assumptions  of  the  analysis  are:   (a)  the  data

are  members  of  two  or  more  mutually  exclusive  groups,   (b)

the  groups  are  defined  such  that  each  case  belongs  to  only

one  group,   (c)  no  variable  is  a  linear  combination  of  the

other  discriminating  variables,   (d)  two  perfectly  correlated

variables  cannot  be  used  at  the  same  time,   and  (e)   each

group  is  drawn  from  a  population  that  has  a  multivariate
normal  distribution.    A  function  that  produces  a  significant
difference  can  be  used  to  allocate  new  samples  to  one  or

more  of  the  original  groups.

Classif ication  is  internally  based  and  does  not  depend

on  the  a  priori  knowledge  of  groupings  as  does  the  discrimi-

nant  function.     The  number  of  groups  in  a  discriminant

function  is  established  prior  to  the  analysis  and  each
sample  is  treated  separately;  each  sample  is  provisionally

defined  as  belonging  to  a  specific  group.     In  one  sense,   a

discriminant  function  can  be  thought  of  as  a  way  of  collaps-

ing  a  multivariate  problem  into  a  univariate,  problem.
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If  one  is  able  to  make  a  few  assumptions  about  the

nature  of  the  data  involved  in  the  analysis,  a  test  of
signif icance  of  the  separation  between  the  groups  can  be

made.     Assumptions  include:   (a)   the  observations  are  random-

ly  selected,   and  (b)  the  probability  of  an  unknown  belonging

to  any  one  group  is  equal.     It  is  a  requirement  that  varia-

bles  are  normally  distributed.    An  idea  of  the  effectiveness

of  the  variables  as  discriminators  can  be  gained  by  comput-

ing  standardized  differences,  which  can  be  thought  of  as  a

general  guide  to  the  discriminating  power.
In  this  study,  the  groups  are  represented  by  three

black  shale  types  and  the  variables  are  represented  by

various  measured  geochemical  parameters   (major  oxide  per-

centages,   trace-element  quantities,   DOP  values,   %  TOG,   iron

ratios,   etc.).     Linear  combinations  of  the  elements   (canoni-

cal  discriminant  functions)  are  computed  and  used  to  maxi-

mize  separation  between  the  black  shale  types.     The  greater

the  power  of  the  discriminant  functions  to  separate  the

groups,  the  greater  the  ability  to  classify  unknown  samples
correctly.     The  maximum  number  of  canonical  discriminant

functions  that  can  be  used  is  equal  to  the  number  of  groups,

in  this  example  it  is  three,  minus  one,  or  the  number  of

discriminating  variables,  whichever  is  less.    Only  the  first

two  functions  that  account  f or  the  greatest  variance  within
the  variables  need  to  be  used.     The  Wilks'  Lambda  method  was

used  to  compute  this.
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Following  the  stepwise  regression  to  sort  out  variables

most  signif icant  to  the  separation  of  the  black  shale

groups,   a  cluster  analysis  was  used  to  create  groupings
based  on  the  stepwise  regression  analysis.    These  clusters,

in  the  form  of  a  dendrogram,  were  compared  to  the  groupings

of  the  a  priori  groupings  in  the  discriminant  function
analysis.    Thus,   in  effect,  this  is  the  opposite  of  a  dis-

criminant  function  analysis  because  there  is  no  a  priori

assignments  of  group  membership.     From  this,   a  comprehensive

grouping  of  black  shales  was  established  that  classif ies  any
and  all  Midcontinent  Pennsylvanian  black  shale  samples  into

black  shale  types.
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Chapter  4.  Geologic  Setting

The  bedrock  geology  of  eastern  Kansas,   southeastern

Nebraska,   and  west-central  Missouri  is  characterized  by

relatively  laterally  persistent  Middle  and  Upper  Pennsylva-

nian  limestones,   1  to  several  meters  thick  with  thin  marine

shale  interbeds  and  separated  by  thick,  silty  to  sandy

shales,   from  a  few  to  lo's  of  meters  thick  and  containing

local  channel  sandstone  development.     The  Pennsylvanian

units  strike  generally  north-northeast  to  south-southwest
and  dip  gently  west  into  the  subsurf ace  at  a  dip  of  at  most

10  meters  per  kilometer.     South  of  the  southernmost  extent

of  glaciation  (near  Lawrence,  Kansas) ,  resistant  limestones

and  sandstones  are  cut  by  east-f lowing  rivers  and  streams

causing  escarpments,  which  allow  for  relatively  easy  corre-

lation  of  exposed  units.    Correlation  north  of  this  region,

especially  north  of  the  Kansas  City  area,   is  especially

cliff icult  because  exposures  are  limited  owing  to  glacial

Cover .

The  Pennsylvanian  System  in  eastern  Kansas  comprises  49

formations  that  are  subdivided  into  130  formally  named

members  and  aggregated  into  8  groups  and  3  stages  of  the

Middle  and  Upper  Pennsylvanian.     In  this  study,  units  from

the  Desmoinesian,  Missourian,   and  Virgilian  Stages  were

studied  which  make  included  a  total  of  12  black  shale  mem-

bers  from  5  groups.     Most  of  these  units  are  recognized
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regionally,  with  a  few  exceptions,   and  were  described  and

defined  by  R.   C.   Moore  and  his  coworkers  in  the  1930's  and

1940's.     The  subdivision  of  the  units  was  designed  by  Moore

to  accolnmodate  the  vertical  repetition  of  limestones  and

shales  within  the  sequence.

At  the  base  of  the  exposed  Pennsylvanian  stratigraphic

sequence  in  Kansas,   is  the  Middle  Pennsylvanian   (Desmoine-

sian) ,  which  consists  mainly  of  shale  with  thin  coal  seams,

local  sand  development,   and  thin  limestones   (Figure  7).     The

Missourian  Stage   (Upper  Pennsylvanian)   overlies  the  Desmoi-

nesian   (Middle  Pennsylvanian).     The  Virgilian  Stage   (Upper

Pennsylvanian)   overlies  the  Missourian  Stage  and  is  charac-

terized  by  shale,   local  sandstones,  and  thin  limestones

(Figure  8).     In  the  topmost  part  of  the  Pennsylvanian  sec-
tion,  sandy  shales  and  thick  limestones  with  thin  shale

members  comprise  the  section.     The  uppermost  Pennsylvanian

includes  an  alternation  of  thicker  and  more  prominent  sandy

shales,  usually  possessing  coal  seams,   and  thinner  limestone

units.    The  Virgilian  Stage  is  overlain  conformably  by  the

Lower  Permian  sequences  that  continue  the  basic  shale-lime-

stone  cyclicity.
During  times  of  maximum  transgression  during  the  Penn-

sylvanian,  west-central  Indiana  was  situated  at  the  eastern

margin  of  an  epeiric  sea  that  covered  west-central  Indiana,

central  to  south-central  Illinois,  southern  Iowa,  extreme
southeastern  Nebraska,  northern  Missouri,   and  eastern  Kan-
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Figure  7.  Stratigraphic  column  for  Middle  Pennsylvanian  of
Kansas.     Desmoinesian  includes  ''V"  shale  or  black
shale  within  the  Verdigris  Limestone  Member  (the
lateral  equivalent  of  the  Mecca  Quarry  Shale
Member  in  Indiana).     Generalized  from  Zeller
(1968) .
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Figure  8.  Stratigraphic  colurm  for  Upper  Pennsylvanian  of
Kansas.     Missourian  Stage  includes  Hushpuckney,
Stark,  Muncie  Creek,   and  Eudora  black  shale
members.    Virgilian  Stage  includes  Heebner,  Queen
Hill,  Larsh  and  Burroak,  Holt,   and  Shanghai  Creek
black  shale  members.     Generalized  from  Zeller
( 1968) .
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sas.    The  west-central  Indiana  portion  of  this  study  is

primarily  concerned  with  the  Mecca  Quarry  Shale  Member  and

its  lateral  equivalents   (i.e.,  the  ''V"  Shale  or  black  shale

within  the  Verdigris  Limestone  Member  in  eastern  Kansas)

(Table  4).       Repeatedly,   the  seas  transgressed  and  regressed
over  Midcontinent  North  America,   inundating  peat  swamps  and

depositing  organic-rich,  usually  metalliferous  black  shales

(Coveney  and  Shaffer,1988).     Normal  seawater   (Holland,

1979)   or  upwelling  bottom-waters,   as  suggested  by  Heckel

(1977) ,   containing  metals  concentrated  by  a  nutrient  trap,

provided  phosphatic  material  and  metals  for  the  Midcontinent
Pennsylvanian  black  shale  units.

Both  Hallam   (1967)   and  Heckel   (1977)   have  noted  that

black  shales  may  be  deposited  in  either  deep-  or  shallow-

water  conditions.     Heckel   (1977),   who  concentrated  on  Mis-

sourian  Stage  black  shales,  reported  that  the  organic-rich
deposits  were  deposited  at  a  slow  rate  of  sedimentation  in  a

relatively  deep-water  regime.     However,  Heckel  focused  on

the  westernmost  portion  of  the  Pennsylvanian  sea  and  was

opposed  by  Zangerl  and  Richardson   (1963)   who  studied  the

Desmoinesian  beds  of  west-central  Indiana   (the  easternmost

extent  of  the  Pennsylvanian  sea).     They  favored  extremely

rapid  deposition  in  a  shallow  lagoonal-type  sequence  for  the

organic-rich  deposits  in  that  region.

According  to  Coveney  and  Shaffer   (1988)   from  their

study  of  sulfur  isotopes  in  the  Pennsylvanian  shales  of  the
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Table  4.  Surmary  of  stratigraphic  nomenclature  for  the
Mecca  Quarry  Shale  Member  and  age-equivalent
units  in  the  Midcontinent  (From  Coveney  et  al. ,
1987) .
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Midcontinent,   conditions  are  more  likely  to  have  been  uni-

formly  of fshore  during  the  Desmoinesian  Stage  and  later  in

the  Missourian  Stage  when  shales  were  deposited  slowly  in

relatively  deep  waters.     Thus,  Upper  Pennsylvanian  black

shales  may  be  dif f erentiated  from  Middle  Pennsylvanian  black

shales   (i.e.,   the  Mecca  Quarry  Shale  Member)   based  on  sedi-

mentation  rate  and  depositional  setting.     Coveney  and  Shaf-

fer   (1988)   also  noted  that  the  maximum  depths  of  successive

epeiric  seas  may  have  increased  with  time  so  that  Missourian

seas  were  deeper  than  those  of  Desmoinesian  seas,     which

fits  Wanless  and  Wright's   (1978)   suggestion  that  Desmoine-

sian  black  shales  were  deposited  in  shallower  waters  than

those  of  the  Upper  Pennsylvanian.     Schultz   (1990)   further

pointed  out  that  a  progressive  ventilation  with  time  de-
veloped  in  response  to  a  more  open  system  in  the  Late  Penn-

sylvanian  and  into  the  Permian.

Pennsylvanian  Paleocl ina€e

The  temporal  and  spatial  geographic  setting  of  the

Midcontinent  in  the  Missourian  suggests  that  it  was  a  time

of  general  drying,  expressed  as  longer  drying  seasons  with

shorter  wet  seasons   (Shutter  and  Heckel,1985).     An  analogy

between  the  Missourian  paleoclimate  and  similar  transitional

climates  include:  delta  areas  of  India,  northern  Australia,
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and  northwestern  South  America.     Vegetation  patterns  include

coastal  swamps  and  marshes,   forests  on  floodplains,   and

savanna  in  the  hinterland   (Shutter  and  Heckel,1985).     In  a

river-borne  elastic-dominated  sequence,  a  chenier  plain

might  form,  while  away  from  elastic  influence,   carbonate

deposition  with  a  range  of  shallow  water  depositional  se-

quences  would  extend  offshore  adjacent  (subparallel)  to  the
shoreline.    These  types  of  climates  also  are  typical  of

adjacent  coastal  upwelling  areas,  as  in  the  northwestern

coast  of  South  America   (Brongersma-Sanders,1971).

Although  the  Missourian  may  have  been  a  time  of  general

drying,   it  should  be  noted  that  this  climatic  drying  was  not
a  sudden  event   (Shutter  and  Heckel,1985).     In  fact,   many  of

the  sedimentological  and  clay  mineralogical  features  present

in  the  Missourian  are  present  in  the  Desmoinesian  as  well.

The  apparently  wetter  Virgilian  may  not  contradict  the

prevailing  drier  pattern.    Despite  the  predominance  of  such
notable  coals  as  the  Nodaway  and  Pittsburgh  coals  of  the

Midcontinent  and  eastern  Midcontinent,  respectively,  the

Virgilian  could  represent  a  relatively  wet  period  ref lecting

only  local  changes  as  a  result  of  tectonic  events.    The

change  in  coals  may  ref lect  slower  or  no  marine  transgres-

sions  in  the  Virgilian,  giving  rise  to  coal  formation,  but
may  not  necessarily  be  related  to  general  climate  during

that  time  period  (Shutter  and  Heckel,1985).
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Desmoinesian  Stratigraphy

The  Mecca  Quarry  Shale  Member  and  its  stratigraphic

equivalent  shales  are  located  in  Illinois,   Indiana,   Iowa,

Kansas,   Kentucky,   Missouri,   and  Oklahoma,   although  ''Mecca"

is  used  officially  only  in  Indiana  and  Illinois  (Coveney  et

al.,1987)   (Table  3).     In  Indiana   (type  section),   Kentucky,

and  in  certain  parts  of  Illinois,  the  Mecca  Quarry  Shale

Member  occurs  in  the  Middle  Pennsylvanian  Liverpool  cyclo-

them  and  directly  overlies  the  Colchester  Coal  Member.     The

Logan  Quarry  Shale  Member  and  the  Holland  Shale   (Zangerl  and

Richardson,   1963)  occur  strictly  as  local  units  known  near

Parke  County,   Indiana  at  the  type  section  of  the  Mecca

Quarry  Shale  Member.     In  central  and  northeastern  Illinois,
the  Francis  Creek  Shale  Member  occurs  above  the  Colchester

Coal  and  below  the  Mecca  Quarry  Shale  Member   (Baird  et  al. ,

1985).     This  occurs  in  Missouri,   Kansas,   and  Oklahoma  as

well  with  an  unnamed  gray  shale  between  the  coal  and  black

shale  member.

The  Middle  Pennsylvanian   (Desmoinesian)   Mecca  Quarry

Shale  Member  resembles  the  Upper  Pennsylvanian   (Missourian

and  Virgilian)  black  shales  of  the  Midcontinent  (Heckel,

1977).     However,   the  Upper  Pennsylvanian  black  shales  are

generally  less  molybdiferous  and  possess  less  organic  mate-
rial  than  the  Desmoinesian  deposits.     The  Mecca  Quarry  Shale
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Member  is  compositionally  not  homogeneous  as  on  first  in-

spection.    Microstratigraphy  reveals  various  individual  beds

that  range  from  several  to  lo's  of  centimeters  thick.    Four

beds  seem  to  predominate  the  section  that  range  f ron  dark

gray  to  black  and  can  be  traced  f ron  western  Indiana  into
Illinois  and  Kentucky   (Zangerl  and  Richardson,1963).

Missouri,   Iowa,   and  Kansas  lack  this  stratigraphic  continui-

ty.     Westward  into  the  Midcontinent,  the  Mecca  Quarry  Shale

and  its  stratigraphic  equivalents  increase  in  phosphatic

nodule  development  and  decrease  in  metal  content  (Figure  9).

Table  3  details  the  stratigraphic  nomenclature  of  the  Mecca

Quarry  Shale  Member  and  its  stratigraphic  equivalents  in  the
Midcontinent   (Coveney  et  al.,1987).

Holland  Shale  Member

The  Holland  Shale  Member  is  a  black  to  dark  gray  fri-

able  to  f issile  shale  located  stratigraphically  in  the
Staunton  Formation  approximately  1.5  meters  above  Coal  IIA.

A  type  section  has  not  been  formally  designated,  but  expo-

sures  at  Barren  Creek  and  Mine  Creek  are  used  as  ref erence

sections   (Figure  10).     The  Barren  Creek  section  is  located

near  Rockville,   Indiana  near  the  north  line  of  section  33,

T.15  N.,   R.   8  W.   in  Parke  County,   Indiana.     The  Holland

Shale  Member  is  nearly  3  meters  thick  at  this  location  and

rests  directly  over  Coal  IIA  in  the  Staunton  Formation.
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Figure  9.  Stratigraphic  relations  for  Desmoinesian  black
shales  in  Midcontinent  and  eastern  Midcontinent
(after  Coveney  et  al.,1991).
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Figure  10.  Map  of  Mecca  Quarry  region  showing  localities  in
text.    Major  sampling  areas  included  Big  Pond
Creek   (Logan  Quarry  Shale  Member) ,   and  Barren
Creek   (Holland  Shale  Member).     From  Zangerl  and
Richardson   (1963).
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I.ogan  Quarry  Shale  Member

The  Logan  Quarry  Shale  Member  has  been  clef ined  as  a

member  of  the  Staunton  Formation  by  Zangerl  and  Richardson

(1963).     It  lies  above  a  local  coal  and  approximately  18

meters  below  Coal  IIIA.     Not  unlike  the  Mecca  Quarry  Shale

Member,   it  consists  of  a  sequence  of  alternating  gray  and

black  shale,  mostly  carbonaceous.    The  type  section  for  the

Logan  Quarry  Shale  Member  is  located  in  Reserve  Township,

Parke  County,   Indiana   (NE1/4,   SW1/4,   section  9,   T.16  N.,   R.

8  W.),   approximately  2  kilometers  east  of  West  Union   (Figure

10).    A  succession  of  beds  at  the  type  section  includes

interbedded  friable  to  sheety,  gray  to  black  shale.

Mecca  Quarry  Shale  Member

The  Mecca  Quarry  Shale  Member,   originally  proposed  as  a

member  of  the  Linton  Formation  in  a  study  by  Wier   (1950),

consists  of  evenly  bedded  alternating  sequences  of  gray  and

black  carbon-rich  shale  above  Coal  IIIA  and  beneath  a  marine

shale  and  limestone   (correlated  with  the  Oak  Grove  Member  in

Illinois  and  the  Velpen  Limestone  Member  in  Indiana   (Wan-

less,1939;   Zangerl  and  Richardson,1963).     The  shale  por-

tion  ranges  from  dark  gray  to  black  to  a  mottled  gray.    At

the  type  section  (Figure  10),  there  is  a  bed  of  1  cm-thick

shale  containing  calcareous  concretions  near  the  base  of  the
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unit,  which  attains  thicknesses  of  several  centimeters.    The

bottom  layer  of  the  Mecca  Quarry  Shale  Member  is  a  fossil

hash,  transgressive  shell  breccia,  with  pyritized  shell
fragments  in  a  clay-rich  matrix  lacking  bedding.     The  type

locality  of  the  Mecca  Quarry  Shale  Member  has  been  clef ined

by  Zangerl  and  Richardson   (1963)   to  be  in  Wabash  Township,

Parke  County,   Indiana,   (SW1/4,   NE1/4,   section   29,   T.15  N.,

R.   8  W.),   about  1.5  kilometers  from  the  town  of  Mecca,

Indiana   (Figure  10).

Hissourian  SEra€igraphy

Missourian  strata  of  Midcontinent  North  America  are

characterized  by  thin  cyclic  successions  of  carbonates  and

siliciclastics  (Figure  11) ,  with  thicknesses  usually  less

than  25  to  50  meters   (Watney,   French,   and  Franseen,1989).

Cyclic  sedimentary  units  or  "cyclothems"  developed  on  shelf

areas  of  the  Midcontinent  generally  contain  thin  widespread

transgressive  sequences  overlain  by  thicker  regressive

strata.    These  cyclothems  usually  are  separated  from  bound-

ing  strata  by  surf aces  associated  with  diagenetic  and  tex-

tural  features  indicative  of  subaerial  weathering  (Watney
and  Ebanks,1978).

Cyclothems  are  widespread  on  shelf  regions,  but  not

until  recently  have  interbasinal  correlations  been  possible
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Figure  11.  Stratigraphic  relations  for  Missourian  black
shales  in  Hidcontinent  and  eastern  Hidcontinent
(after  Coveney  et  al.,1991).
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because  of  durations  shorter  than  accepted  levels  of  bios-

tratigraphic  information.     Investigations  by  Boardman  and

Heckel   (1989)   provide  the  basis  of  correlations  for  13  major

Virgilian  and  Missourian  cyclothems  in  the  northern  Midcon-

tinent.    Correlations  reflect  synchronous  marine  inundation

in  both  the  Midcontinent  and  Midland  Basin  regions.     Micros-

tratigraphic  calculations  have  been  used  to  extend  correla-
tions  of  similar  marine  inundations  during  the  Pennsylvanian

to  a  global  scale   (Ross  and  Ross,1987).     Both  Boardman  and

Heckel   (1989)   and  Ross  and  Ross   (1987)   attributed  sealevel

fluctuation  to  late  Paleozoic  continental  glaciation.
The  black  shales  of  the  Kansas-type  cyclothem,  general-

ly  referred  to  as  core  shales  by  Heckel,  overlie  the  middle

transgressive  limestone;  the  black  shales  are  typically  thin

(0.3-0.9  meters).     The  black  shales  are  areally  extensive

units  are  easily  recognizable  in  outcrop  and  provide  excel-

lent  subsurf ace  markers  because  of  their  high  natural  gamma

radioactivity  (Watney,   French,   and  Franseen,1989) ,  origi-

nally  noted  in  the  1930's.     Several  units,   including  the

Stark  and  Hushpuckney  of  this  study,  can  be  traced  on  the

surface  from  Iowa  into  oklahoma.     Westward,   the  units  can

extend  f ron  eastern  into  western  Kansas  and  into  eastern
Colorado.     Nevertheless,  the  units  change  abruptly  from

black  shales  to  gray,  fossil-rich  shales  in  northwestern
Kansas  and  thin  gray  shales  over  the  structural  positive

Central  Kansas  Uplift.

81



Hushpuckney  Shale

The  Hushpuckney  Shale  Member  of  the  Swope  Limestone

Formation  is  a  laterally  persistent  shale  with  the  basal
section  containing  few  fossils  in  its  black  shale.    The

upper  portion  of  the  unit  is  a  blue-gray  clay-rich,  fossil-
iferous  shale  that  averages  0.7  meters  in  thickness.    The

thickness  of  the  entire  Hushpuckney  sequence  ranges  from  1

to  2  meters,  and  is  distinguishable  in  northwestern  Missouri

and  across  eastern  portions  of  Kansas.

Stark  Shale  Hember

The  Stark  Shale  Member  of  the  Dennis  Limestone  Forma-

tion  normally  contains  two  part  as  does  the  Hushpuckney

Shale  Member.     A  lower  unit,   up  to  1  meter  thick,   is  a

black,   fissile  shale  and  an  upper  portion,  normally  up  to

1.3  meters  thick,  consists  of  gray,  clay-rich,  fossiliferous

shale.     The  black  shale  (lower  portion)  contains  plant

fragments  and  conodonts  with  local  phosphatic  nodules,

whereas  the  upper  gray  shale  part  contains  brachiopods  and

pelecypods .
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Huncie  Creek  Shale  Henber

The  Muncie  Creek  Shale  Member  is  in  the  Iola  Limestone

Formation  and  contains  two  lithologic  segments.     The  lower

portion  contains  phosphatic  nodules  and  plant  fragments  in  a
black  fissile  shale.    The  upper  portion  is  a  gray  clayshale
with  several  zones  of  small  phosphatic  concretions.    The

type  section  of  the  unit  is  just  west  of  Kansas  City,  Kan-

sas,  where  the  thickness  of  the  unit  is  1  meter.    The  unit

is  laterally  persistent  and  is  present  from  eastern  Kansas
and  western  Missouri  to  northern  Oklahoma.

Eudora  Shale  Member

The  Eudora  Shale  Member  is  present  in  eastern  Kansas,

western  Missouri,  and  into  northern  Oklahoma.     It  is  a

member  of  the  Stanton  Limestone  Formation  and  possesses  two

portions.     The  lower  portion,  normally  0.5  meters  thick,
consists  of  a  black,  fissile  shale  that  locally  contains

phosphatic  nodules.     The  upper  portion  is  a  gray  clayshale
with  brachiopods,  trilobites,  and  plant  fragments.    The

overall  thickness  of  the  unit  differs,  but  averages  1.5

meters ,
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Virgilian  Stra€igraphy

Virgilian  rocks  of  Kansas  include  three  major  groups

(oldest  to  youngest:   Douglas,   Shawnee,   and  Wabaunsee).

Limestones  alternate  regularly  with  shale  vertically  and
marine  sequences  alternate  vertically  with  nonmarine  se-

quences.     It  has  been  noted  by  Moore   (1949)   that  no  portion
of  the  Pennsylvanian  sequence  in  the  northern  Midcontinent

contains  clearer  evidence  of  cyclic  sedimentation  than  the

Shawnee  and  Wabaunsee  Groups   (upper  two  groups  in  the  Vir-

gilian)   (Figure  12).     The  Shawnee  Group  contains  the  most

complete  and  most  complex  examples  of  the  cyclic  character.

Rocks  within  the  Virgilian  of  the  Midcontinent  can  be  de-

scribed  in  terms  of  two  major  rock  types:   limestones  and

shales.     Limestones  include  several  types.     Major  limestone

types  include:   (1)  a  brownish  gray,   ferrugenous  limestone

with  few  fauna,   (2)   a  dark-blue  to  gray,   dense,  hard,   lime-

stone  with  few  and  ''dwarfed"  fauna  including  fusulinids,   (3)

a  light-gray  to  creamy  white  limestone  with  thin  wavy  bed-

ding  and  an  abundant  and  variable  f auna  including  algal

constituents,  and  (4)  a  light-gray  finely  grained  limestone

with  shale  partings.    Virgilian  shales  of  the  Midcontinent

include  several  types.    The  shale  types,  based  on  color,

bedding,  composition,  weathering  character,  and  thickness

are:   (1)  a  light-gray  to  light-bro`m  clayey  to  silty  shale,

generally  devoid  of  fauna  and  bedded,   (2)   a  reddish  clay-
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Figure  12.  Stratigraphic  relations  for  Virgilian  black
shales  in  Midcontinent  and  eastern  Hidcontinent
(after  Coveney  et  al.,1991).
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rich  to  silty,  poorly  bedded,  nonfossiliferous  shale,   (3)  a

blue-gray,   laminated  marine  shale,   and  (4)   a  black,   fissile,

highly  carbonaceous  shale  that  contains  phosphatic  nodules

and  laminae,   fish  remains,   conodonts,   and  a  few  phosphatic

brachiopods.    Several  of  the  shale  units  can  attain  thick-

nesses  of  up  to  25  meters,  but  most  are  only  1  to  3  meters

in  overall  thickness.

Heebner  Shale  Member

The  Heebner  Shale  Member  is  a  member  of  the  Oread

Limestone  Formation  and  contains  two  parts.     The  lower  part

is  a  typical  black,  carbon-rich,  fissile  shale  that  contains

phosphatic  nodules,   fish  remains,   and  conodonts.     The  upper

part  is  a  gray,  marine  shale  that  contains    brachiopods  and

pelecypods.    The  unit  is  extremely  laterally  continuous  and
is  used  as  a  marker  bed  in  subsurface  cores   (Merriam,1963).

The  Heebner  Shale  Member  is  constant  in  thickness  at  about

1.4  meters.

Queen  Hill  Shale  Member

The  Queen  Hill  Shale  Member  is  a  member  of  the  Lecomp-

ton  Limestone  Formation  and  is  laterally  persistent.    The

lower  part  of  the  unit  is  a  black,  fissile  shale  with  few

phosphatic  nodules  and  conodonts.     The  upper  part  is  a  gray
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marine  shale  with  brachiopods.     Overall  thickness  of  the

lower  black  shale  and  upper  argillaceous  shale  is  1  to  2

meters ®

I.arsh  and  Burroak  Shale  Members

The  Larsh  and  Burroak  Shale  Members  represent  two  parts

of  a  single  shale  unit  in  Kansas.    The  lower  part  is  a

black,  fissile,  carbon-rich  shale  (Larsh)  and  the  upper  a

gray  to  yellow,   soft  clayshale  (Burroak).     Because  this
sequence  in  Kansas  is  correlative  to  the  Larsh  Shale,   inter-

vening  Haynies  Limestone,   and  overlying  Burroak  Shale  in

Nebraska,  the  sequence  in  Kansas  is  referred  to  as  the

Larsh-Burroak  Shale  Member.     The  Haynies  Limestone  is  absent

in  Kansas   (Moore,1949).     Lower  parts  of  the  black  shale

contain  conodonts  and  phosphatic  nodules,  whereas  the  upper

gray  clayshale  part  contains  mostly  calcareous  brachiopods
and  bryozoans.     The  thickness  of  the  Larsh-Burroak  Shale

Member  in  Kansas  ranges  from  1  to  2  meters.

Holt  Shale  Henber

The  Holt  Shale  Member  is  characterized  by  two  subdivi-

sions  as  in  other  Virgilian  black  shale  units.     It  is  a

member  of  the  Topeka  Limestone  Formation  and  contains  a

lower  black,  fissile  shale  part  and  an  upper  calcareous  gray
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marine  shale  sequence  with  a  variety  of  invertebrate  fauna.

Overall  thickness  of  the  unit  is  0.7  to  1  meter.     The  unit

is  confined  mostly  to  sections  north  of  Topeka,  Kansas,  but

several  localities  south  of  Topeka  include  a  gray  shale

within  the  Topeka  Limestone  Formation  that  may  be  correla-

tive  to  the  Holt.

Shanghai  Creek  Shale  Member

The  Shanghai  Creek  Shale  Member  is  a  newly  named  member

of  the  Howard  Formation   (Wabaunsee  Group)   in  eastern  Kansas

(Merriam,1990).     The  lower  part  of  the  unit  is  a  phosphat-

ic,  black,  fissile  shale  whereas  the  upper  part  is  a  light

gray  to  tan  fossil-rich  shale.    The  unit  is  generally  less
than  0.75  meters  thick  and  is  confined  to  southeastern

Kansas.    The  type  section  of  the  unit  is  in  southeastern

Kansas   (Chautauqua  County)  near  the  town  of  Cedar  Vale.
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Chapter  5.  Discussion  and  Results  of  Analytical  Procedures

The  interpretation  of  environments  of  deposition  of

black  shales  remains  a  goal  of  earth  scientists  for  several
reasons,  but  especially  for  predicting  petroleum  source  rock

potential  and  understanding  metal  enrichment.    Various
approaches  to  this  enigmatic  problem  have  been  utilized  in

the  past  (paleoecological  methods,   sedimentology,  micropa-

leontological  methods,  organic  geochemical  indicators,  and  a

variety  of  isotopic  and  mineralogic  data)  to  answer  specific

questions  about  depositional  settings.    This  study  was
designed  to  answer  the  question  of  whether  a  given  organic-

rich  marine  sediment  was  deposited  originally  under  normal

marine   (oxygenated  bottom  water)   conditions,   or  in  a  euxinic

(anoxic,  H2S-containing)  basin.     Additionally,   it  is  of
specif ic  interest  to  inquire  how  pyrite  forms  in  these
environments  and  use  the  relationships  of  iron,  sulfur,  and

organic  carbon  to  distinguish  depositional  setting  and
interpret  early  diagenetic  phases  related  to  metal  enrich-
ment .

Results  of  Whole-Rock  REF  Analysis

A  Rigaku  3070  X-ray  wavelength  dispersive  spectrometer

was  used  for  determining  percentages  of  major  oxides  and

elements  in  the  black  shale  samples.     The  purpose  of  the  XRF
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analysis  is  to  determine  total  iron  and  total  sulfur  con-
tents  accurately  and  inexpensively  preceding  colorimetric

iron  determination   (and  calculation  of  DOP).     The  XRF  analy-

ses  were  used  to  develop  a  geochemical  baseline  for  the

black  shales.

A  comparison  was  made  between  XRF  measurements  made  at

the  University  of  Cincinnati  Department  of  Geology  and  XRF

analyses  conducted  at  XRAL  in  Ann  Arbor,   Michigan.     SDO-1

(Ohio  Devonian  Shale  Geochemical  Standard)  was  analyzed  at

both  laboratories.    Results  compared  favorably  between  the

two  labs,   indicative  of  consistent  working  conditions  and

analytical  precision  (Table  5).     Specifically,  total  iron

and  total  sulfur  values  compared  well  between  analyses  of

the  two  labs.

Heebner-type  black  shales   (Desmoinesian,  Missourian,

Virgilian)  indicated  a  moderate  quantity  of  total  sulfur

(avg.   =  1.35%)   and  a  relatively  high  total  iron  content

(4.21%).     Si02  and  A1203  values  were  consistent  with  each

other  in  the  Heebner-type  samples.     Both  Ti02  and  Mn02  Were

extremely  constant  in  terms  of  X-ray  fluorescence.    The

amount  of  Cao  dif fered  as  a  function  of  position  within  the

basin.     Samples  closer  to  the  basin  center  were  less  en-

riched  in  Cao  whereas  samples  closer  to  basin  margins  were

enriched  in  Cao.     P205    di££ered  with  vertical  position

within  individual  units.     Samples  with  phosphatic  nodules

near  the  base  of  the  black  shale  sequences   (i.e.,  QH-3  and
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Table  5. A  comparison  of  U.S.   Geological  Survey  geochemi-
cal  standard  SDO-1   (Ohio  Devonian  Shale).     INAA
denotes  instrumental  neutron  activation  analyses
from  this  study  and  U.S.G.S.   represents  published
data  from  Huyck   (1991).
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Comparison of U. S. G. S. Geochemical Standard SDO-1
and INAA Data from This Study

lNAA:                                         U.S.G.S.
Elomont                    Concentrations:

ppm)                    1 sO-
Sodium (%)                        0.32
N®gneeium (%)                 1.53
AliJminum (%)                  12.30
Silicon (%)                        47.50
moaphorus (%)               0.10
Eforyllium (pprn)                 5.00
Fthe8ium (%)                  3.31
Calcium (%)                        1.07
ScaJ]dium (ppm)             12.00
Titanium (%)                     0.72
Vanadium (ppm)          170.00
Chromium (ppm)          110.00
Manganoco (%)               0.05
Iron (%)                                9.43
Cobalt (ppm)                   42.00
Nickel (ppm)                    ®7.00
Zinc opm)                      e3.00
Copper (ppm)                 50.20
Arconic (ppm)                       el
Selenium (ppm)                3.cO
Bromin® (ppm)                  e.oo
F`ubidium(ppm)             150.00
stontium (ppm)            70.00
MaJytx)onum (ppm]      leo.00
Silver (ppm)
Cadmium from)
T,n (ppm)
C®8ium (Ppm)
Bchum(ppm)
Lanthenum (ppm)
Onum(ppm)
Nedymium (ppm)
Samchum (ppm)
Europium (pprn)
Gormanjum (ppm)
Gaddinium (ppm)
Yttort)ilJm (Ppm)
Lutctium (ppm)
Hafnium Opm)
Tanulum (ppm)
Tungct®n ®pm)
'Tidium (Ppb)
Gold (ppb)
Tharium from)
Uranium (ppm)
sulfur (%)
cop

®

®

Na20                          a.38   cO2                                 1.01
Moo                            1.54   Total caTt}on                  0.95
AI203                       12.27   Organic cart)on            9.G8
sO2                       49.28   Er
P205                           0.11    F
8®                                3.sO   Ga
lQO                            3.35   Ho
coo                           1.05   Ho
S€                                13.20   'n
Ti02                            0.71    Bi
V                               leo.00   CI
Cr                                 cO.40    Li
uno                        0.04   Fb
F®203                        0.34   Pr
cO                            4e.cO   en
Ni                               3e.co   Tb
Zn                                ca.1o   TI
Cu                              cO.20   Tin
AB                             es.co   v
So                                3.00   Zt
Eir                                    5.00    Dy
Rb                             1 2e.oo
a                           75.10
Mo                             134.cO
Ag                                 0.00
Cd~2
sO                                   4.10
Ce                                e.cO
Ba                            a97.Oo
La                              38.50
Co                              79.cO
Nd                                   11-40
Sin                              7.70
Eu
G®
Gd
Yb
Lu
Hf
Ta

1.cO
1.cO
e.50
3.cO
0.52
4.70
1.10

3-cO



ST-4)   reflected  high  amounts  of  P205.

Shanghai-type  (Virgilian)   shales  have  abundant  total

iron  and  low  total  sulfur.    As  in  Heebner-type  shales,   Si02,

A1203,   Ti02,   and  Mn02  Were  relatively  consistent  between

Samples.     P205  values  were  low  in  comparison  to  Heebner-type

deposits.     Because  INAA  data  was  available  for  all  Mecca-

type  samples,   no  XRF  analyses  were  conducted  for  Mecca-type

samples .

Results  of  TOEal  and  Organic  Carbon  Investigation

A  procedure  to  determine  total  carbon  and  total  organic

carbon  (TOG)  was  carried  out  to  aid  in  the  characterization

of  black  shale  types  in  the  Midcontinent  Pennsylvanian.

Analyses  were  carried  out  using  a  Perkin-Elmer  240  Elemen-

tal  Analyzer  at  the  University  of  Cincinnati  Department  of

Geology.

Results  indicate  a  clear  distinction  between  black

shale  types.     Heebner-type  black  shales  (Virgilian,  Missou-

rian,   Desmoinesian)   contained  TOG  values  ranging  from  0.01%

(HBC-4)   to   29.24%   (EU-2)   with  an  average  value  of   12.64%

TOG.     Most  of  the  total  carbon  present  was  determined  to  be

total  organic  carbon.     Only  one  sample  in  the  study  (LB-1)

possessed  greater  than  10%  carbonate  carbon.
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Most  Shanghai-type  samples  contained  signif icantly  less

TOG   (average  =  2.92%)   than  Heebner-type  samples.     Organic

carbon  production  during  late  Virgilian  time  (during  the

deposition  of  Shanghai-type  units)  had  decreased  such  that

black  shales  during  this  time  contain  progressively  less  TOG

than  earlier  Virgilian,  Missourian,   and  Desmoinesian  shales.

In  contrast  to  the  Heebner-type  and  Shanghai-type

deposits,  Mecca-type  black  shales  are  enriched  in  TOG.

Average  TOG  values  for  Desmoinesian  black  shales  is  25.15%

TOG.     Once  again,  most  of  the  total  carbon  is  present  as

total  organic  carbon   (TOG) .

The  importance  of  determining  total  carbon  and  total

organic  carbon  (TOG)  within  these  samples  is  to  distinguish

organics  between  the  black  shale  types  and  to  use  TOG  values

as  an  aid  in  the  computation  of  degree  of  pyritization  (DOP)

versus  TOG,   a  paleoenvironmental  indicator  of  bottom-water

oxygenation  conditions.

Results  of  Sulfide-Sulfur Heasurenents

Sulfur  is  present  as  a  ubiquitous  component  of  both

modern  and  ancient  marine  sediments.     Specific  sulfur  compo-

nents  within  these  settings  differ,  but  sulfur  is  present  as
either  pyrite,  acid-volatile  sulfides,  elemental  sulfur,

sulfates,  organic  sulfur,  or  a  combination  of  these  (Can-

field  et  al.,1986).     Sulfur  content  and  composition  of
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black  shales  thus  can  be  related  to  the  type  of  diagenetic

environment  in  which  the  various  sulfur  compounds  were

deposited   (Goldhaber  and  Kaplan,1974).     This  is  why  it  is

crucial  to  quantify  accurately  the  sulfur  species  present
within  the  Midcontinent  Pennsylvanian  black  shales.     A

chromium  reduction  technique,  modified  after  Can field  et  al.

(1986),   Liu   (1988),   and  Okita   (1987)   was  used  in  this  study

to  aid  in  the  separation  of  black  shale  types.

Heebner-type  shales  indicated  an  average  of  0.40  Spy

(pyritic  sulfur)   and  0.06%  Sorg  (organic  sulfur)   (Tables  6

and  7).   Organic  sulfur  was  calculated  as  %Stotai   (measured

by  XRF)   minus  Spy   (measured  by  the  chromium  reduction  meth-

od).     This  is  contrasted  by  average  values  of  2.68  and  0.18,

respectively  for  Mecca-type  deposits   (Table  8),   and  0.56  and

0.02,  respectively,   for  Shanghai-type  units.     These  higher

values  f or  Spy  and  Sorg  can  be  interpreted  as  a  more  euxinic

setting  for  the  Mecca-type  shales,  as  compared  with  a  se-

mieuxinic  setting  for  Heebner-type  deposits  (intermediate
values).     Shanghai-type  deposits  reflect  a  more  aerobic  or

well-oxygenated  environment  (low  values  for  pyritic  and

organic  sulfur).    Typical  values  for  pyritic  sulfur  and

organic  sulfur  in  euxinic  rocks  are  presented  in  Pandala  et

al.   (in  press).
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Table  6. Carbon,  iron,  and  sulfur  data  for  Virgilian
black  shales  (from  Schultz  and  Coveney,  in
press ) .
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%Fct=total iron from xF]F                              *denctes gray shale
%St=total sulfur from xF)F                              all other samples are black shales
%TCXL-% total organic carbon from C analyzer
FeTsol=tctal acid-soluble iron from colorimctric dctermination
FepY=pyrite iron , calculated by Spy* 0.872
Spy=pyrito sulfur from chromium reduction method



Table  7.     :i::£n±h:I::' (:=:ms::::=tga::df::v:::;:u=:an
press ) .
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Missourian Black Shale Samples
data from Schultz and Coveney (in press)
SAMFELE      %Fct  %St   TOO          Spy    Fctsol  FepY    DOP

HEEBNER-rvpE SAMPLES
EU-1               6.08    1.24        4.sO

EU-2              3.95    1.77      29.24
MC-1              4.90   0.77      27.89
MC-2              5.85    1.41       26.88

MC-3             5.45   0.87      24.77
ST-1*             6.77    1.30        6.23

ST-1A            8.29   2.76      20.64
ST-1B            7.92   3.60      21.76
ST-1C            7.90   3.01         8.70
ST-1D           5.89   3.58        3.44
ST-1E            7.87   3.50      25.36
ST-1F            6.87   3.46     20.75
ST-1G*          7.80   3.16        2.48

ST-1H            6.44   3.51      20.22
ST-11              6.66   2.49      10.43

ST-1J            5.72   2.37      14.40
ST-1K            7.07   2.15      10.24

ST-1L            4.03   2.41       18.60
ST-1M            6.05    1.59      15.17

ST-1N            6.55   2.04      12.17

ST-10           5.27   2.53      20.11
ST-1P            6.08    1.45      10.cO

ST-2               4.19    1.94      13.08

ST-3              4.49   1.67      12.63
HP-3             4.84   0.87        8.93
HP-4              4.30   1.68      23.18

0.68      2.71       0.59       0.18

0.99      1.08      0.86      0.44
0.83     2.50      0.72      0.22
0.88      1.59      0.77      0.33
0.67     2.99      0.58      0.16
0.83     2.73      0.72      0.21

1.34      4.26       1.17       0.22

2.01      3.50       1.75       0.33

1.65      4.43       1.44       0.25

1.77      3.45       1.54       0.31

1.69      3.19       1.47       0.32

1.71       3.01        1.49       0.33

1.65      3.43       1.44       0.sO

1.82      3.12       1.59       0.34

1.13      3.83       0.99      0.20

1,09     2.78      0.95      0.25
1.04      2.96      0.91       0.23

1.12      2.26       0.98       0.sO

0.83     2.50      0.72      0.22
0.98     3.54      0.85      0.19
1.06      4.70      0.92      0.16

1.02     2.56      0.89      0.26
0.99      1.76      0.86      0.33
0.86      1.01       0.75       0.43

0.41      0.96      0.36      0.27
0.78      1.70      0.68      0.29

Avg.                 6.05   2.20      15.84       1.15      2.79       1.cO       0.27

%Fet=total iron from xF)F                                           EU=Eudora
%St=tctal sulfur from xF]F                                         MC=Muneie creek
%TCX==tctal organic carbon from c analyzer        HP=Hushpuckney
FeTsol=acid-soluble iron from colorimotric determination
FepY=pyTlte iron , calculated by spy. O.872           ST=Stark
Spy=pyrite sulfur from chromium reduction method
txp=dogree of pyritization            *denotes gray shale

all other samples are black shales



Table  8. Carbon,   iron,  and  sulfur  data  for  Desmoinesian
black  shales  (from  Schultz  and  Coveney,  in
press) .
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Desmoinesian BIack Shale Samples
data from Schultz and Covenoy (in proes)

S"PLE q6Fet    %&      TOO        Spy   F®Teol   FoPY       Erop

M ECciLrv pE SAM PLEs

Looanouarry         12.95   15.cO   22.98     8.80       2.36

Holland shale           3.40      2.20    26.®1      0.01        1.19

MQSB-1                    3.5o     3.co   so.72     2.so       o.e4

V®lponA                     3,22      2.50    15.35      1.51        0.76

V®lp®nB                      3.95      3.0011.27       1.54        1.25

Valpen C.

V®lpen D

H®der AI

H®d®, A2

H®8I®r AB

H®el®, A4

Hosl®, 81

H®slo, 82

HostoT Eta

Hoeler EIA

H®d®r C*

Hedor D

3.7e     2.2o      8.co

11.10      9.70    2®.05

3.8e     3.28   43.74

3.8e      3.28   32.41

3.e3     2.8o   28.58

3.e3      2.cO    29.41

3.38      3.37   29.57

3.38      3.37   33.Oe

3.85      2.50    15.33

3.7§      3.13    34.21

4.sO      3.53      6.87

4.75     4.e4   20.60

0.92        1.35

6.50       3.71

2.05       0'ce

2.67       0.es

2.sO       O.a5

2.20       a.47

2.oe       o.79

2.15        0.66

1.84         1.34

2.12        0.e2

2.57        1.cO

2.io        1.5e

7.er     a.7®

a.79     0. 40

2.00     a.77

1.31       O.e3

1.34      0.52

0.sO      0.37

5.75      0.61

2.31      a.79

2.33     0.78

2.o8     o.7e

1.02      0.cO

1.80      0.eo

1.87      0.74

1.cO      0.54

1.85      a.75

2.24      0.5e

1.91       a.55

^vy.                            4.73     4.io   25.15     2.es       1.io         2.33     a.e5

%Fctstotal iron from xF]F                            *d®nctoe gray chal®

%&±ctal sulfur from mF                         all othoT samplo8 are black chales

%TOC=tctaJ oroaTiic carbon from C analyz®r

F®Teolstctal acidueolut)l® iron from oolorimochc dctormination

F®PY=pyTit® iron. calculctod by Spy * 0.872

Spy=p]rrito sulfur from chromium Teduc6ori mchod

cOFhadogr®® of p)rritization



Resulcs  of  Acid-soluble  Iron  Determination  and  cop

Analyses  to  determine  Fe+2,   Fe+3,   and  DOP  were  conduct-

ed  at  the  University  of  Cincinnati  Department  of  Geology

according  to  the  procedures  described  in  the  previous  sec-

tion  (see  Description  of  Analytical  Procedures:  Acid-soluble

iron  determination  and  DOP  and  appendix  H).     It  should  be

noted  that  the  calculation  of  DOP  was  only  possible  after

accurate  determinations  of  total  sulfur,  total  organic
carbon,  and  pyritic  sulfur  content.    The  series  of  calcula-
tions  for  DOP  are  as  follows:

%Sorg   =   0.20*   x   %ToC

Snon-org  =  %Stota|  -  %Sorg

Fepy  =   Spy  x   (55.85/64.12)

DoP  =  Fepy  /   (Fepy  +  FeHc|)
*Sorg/%TOC  =  0.20   from  Bein,   Almogi-Labin, and  Sass   (1990)

Heebner-type  samples  show  an  average  DOP  value  of  0.37

indicating  a  borderline  dysaerobic-aerobic  bottom-water
setting,   according  to  Raiswell  et  al.   (1988).     Most  of  the

gray  shale  samples   (i.e.,   HBC1-7,   QH-2)   showed  lesser  values

for  DOP  than  did  black  shale  samples.     It  is  important  to

note  that  a  regional  geographic  distribution  of  DOP  shows  a

greater  average  value  for  DOP   (more  euxinic)   near  the  Kansas

City,  Missouri  region  where  samples  reflected  a  closer
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proximity  to  the  basin  center.
Shanghai-type  samples  were  indicative  of  an  aerobic

setting  with  an  average  DOP  value  of  0.27.     These  shale

samples  were  taken  from  southeastern  Kansas,  which  is  inter-

preted  a  shelf-like  setting.    Thus,  it  is  postulated  that
Shanghai-type  samples  ref lect  an  isolated  lagoonal-type

setting .
Mecca-type  black  shales   (Desmoinesian)   show  a  dominant-

ly  anaerobic  bottom-water  oxygenation  condition,  thus

indicating  a  euxinic  setting  for  these  deposits.    A  positive

correlation  exists  in  the  Mecca-type  black  shales  between

Spy  (pyritic  sulfur)   and  total  organic  carbon   (TOG),   pyritic

sulfur  and  degree  of  pyritization   (DOP) ,   and  TOG  and  DOP.

As  TOG  content  increases  and  oxygen  supply  decreases,  more

H2S  forms,   and  increases  in  disseminated  pyrite  and  DOP

values  result.    This  probably  is  the  result  of  increased
organic  carbon  production  during  the  Desmoinesian  when

climatic  conditions  favored  the  production  of  organic  debris

from  peat  swamps  in  a  nearshore  shallow-water  setting.     In

this  study,   all  Mecca-type  samples,  without  exception,

possessed  DOP  values  between  0.45  and  0.80,   equating  with  a

dysaerobic  to  anaerobic  setting,  according  to  guidelines  set

forth  by  Raiswell  et  al.   (1988).
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Results  of  X-ray  Dif fraction  Analyses  and  Clay  Mineralogy

Results  of  the  XRD  analyses  are  summarized  in  terms  of

black  shale  types   (Mecca-,   Heebner-,   and  Shanghai-type. )

Mecca-type  black  shales   (Desmoinesian)   in  the  powder  frac-

tion  could  be  characterized  as  mostly  quartz,   feldspars,

illite,  kaolinite,  and  organic  matter.    The  2  mp  fraction

reveals  a  decrease  in  detrital  quartz  and  feldspars,  and

shows  an  asymmetrical  basal  illite  peak   (Appendix  L.).     This

may  be  caused  by  a  poor  crystallinity  of  the  illite  and  may

indicate  that  the  illite  did  not  form  in  situ  but  was  trans-

ported  along  with  other  clastic  constituents.    The  assymmet-
rical  basal  illite  peak  may  also  be  a  result  of  grinding.
With  the  exception  of  one  sample,   the  1  mu  fraction  shows

mostly  minute  amounts  of  illite  and  kaolinite  and  a  total

lack  of  other  minerals.     Mecca-type  powder  samples  show  that

kaolini€e   (d-spacing  =  3.12  fi),   and  illite  2Mi  polytypes  are

present .
Heebner-type  samples  in  the  powder  fraction  are  charac-

terized  by  mostly  detrital  quartz,  feldspars,  illite,  kaoli-
nite,  and  some  organic  matter.    A  decrease  in  detrital

quartz  and  f eldspars  is  shown  in  the  2  mu  fraction  with  an
asymmetric  basal  illite  peak.     Sample  MC-3   (Muncie  Creek,

Missourian)  was  glycolated  to  detect  any  differences  in

illite-smectite  interlayers  (Appendix  L. ).     By  glycolation,

it  was  shown  that  the  sample  was  dominantly  discrete  illite
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with  little  smectite  interlayering.    Heebner-type  powder

samples  show  the  presence  of  chlorite  IIb,  kaolinite,  and

2Mi  illite  as  polytypes.

Shanghai-type  powder  samples  also  contained  mostly

quartz,  feldspars,  illite,  kaolinite,  as  well  as  some  organ
ic  matter  and  calcite.    The  quantity  of  detrital  quartz

decreased  in  the  f iner  fractions  and  illite  and  kaolinite
increased.     Polytypes  present  in  the  Shanghai-type  black

shales  include  kaolinite  and  2M[  illite   (Appendix  L.).

Overall,  there  is  little  difference  in  clay  mineralogy
between  the  black  shale  types.     In  a  study  of  REE  values  in

Midcontinent  Pennsylvanian  shales,   Cullers  et  al.   (1979)

noted  that  no  dif ference  in  mineralogy  exists  between  dif-

ferent  shale  members  and  no  REE  to  clay  mineralogy  correla-

tion  was  evident.    This  study  is  consistent  with  the  results
of  Cullers  et  al.   (1979).

Results  of  Pyrolysis  (Rock-Eval)  Analyses

A  standard  method  of  source-rock  evaluation  (Rock-Eval)

was  used  in  this  study  to  characterize  further  the  organics
within  the  Midcontinent  Pennsylvanian  black  shales.     Several

parameters  were  measured  according  to  the  procedures  dis-

cussed  in  Description  o£  Analytical  Methodology:   Pyrolysis

(Rock-Eval).     Parameters  such  as  Si,   S2,   S2/TOG  or  HI

(hydrogen  index),   Tmax,   and  Si/(Si  +  S2)   Were  measured  in
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this  study.     The  type  of  kerogen  is  characterized  by  S2/TOG

and  is  independent  of  organic  matter  abundance  and  related

to  elemental  kerogen  composition   (Tissot  and  Welte,1984).

The  parameter  S[  represents  the  f raction  of  original  genetic

potential  ef fectively  transformed  into  hydrocarbons  while  S2
ref lects  the  residual  fraction  which  has  not  been  used  to

generate  hydrocarbons   (Peters,1986).     Therefore,   Si  +  S2

evaluates  genetic  potential  and  Si/(Si  +  S2)  represents  the

transformation  ratio  where  the  continual  increase  with  depth

makes  for  a  valuable  maturation  index  (Tissot  and  Welte,

1984).     The  parameter  Tmax  represents  the  maximum  tempera-

ture  of  the  hydrocarbon  generation  during  pyrolysis.

Because  pyrolysis   (Rock-Eval)   emphasizes  organic-rich

samples,   low  HI  indices  and  high  Tmax  Values  typify  Shang-

hai-type  samples  whereas  high  HI  indices  and  low  Tmax  Values

are  characteristic  of  Mecca-type  shales   (Table  9).     Heebner-

type  shales  show  intermediate  values  for  these  parameters

(Table  9).     The  combination  of  high  Tmax  values,   low  HI,   and

high  Si/(Si  +  S2)  Values  in  Shanghai-type  deposits  correlate

with  an  immature  source-rock  in  terms  of  temperature  history

whereas  the  combination  of  high  HI  and  low  Tmax  Values  in

Mecca-type   (and  several  Heebner-type)   shales  make  for  a  more

mature  source-rock  in  terms  of  petroleum  potential   (Table

9).     A  comparison  between  Rock-Eval  parameters  in  Midconti-

nent  Pennsylvanian  black  shales  is  given  in  Schultz  and

Coveney   (in  press).

107



I

I

Table  9. Rock-Eval  data  from  selected  samples  of  Heebner-,
Shanghai-,   and  Mecca-type  black  shales  in  this
study.     TOG  represents  total  organic  carbon.   Si
represents  the  f raction  of  original  genetic
potential  ef f ectively  transf ormed  into  hydrocar-

;::::s::::::i:::::::a:::::::::;::;:::;;;n::;:::-

:::::::::::::::i:;s:;!5:;::::::::3:::::::c:Iand
type  of  organic  matter.     HB1,   QHl,   LEI,   and  QHcl
are  Heebner-type  SH2  and  SHcl  are  Shanghai-type,
and  MQB,   MQD,   and  MQSBl   are  Mecca-type  black
shales .
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F]cek-Eval Data From Selected Samples

SAMPLE   |QQ     S1(ppm)  S2{ppm)      TmaDt(`C}    S2/TOG   S1/S1+S2
HBI

QHI
SH2
LBI
HBCI
QHCI
SHCI
MOB
MOD
MQSB1

10,31        1200.00
22.72      3280. 00

5.59         490. cO
17.45       1540.00
19.43       1390.cO
4. 89       20cO.cO
0. 66         250.00

14.95       1480.cO
36.85      4530.cO
36.20      5610.00

49500.00
137000.00

10900.00
703cO.00
83700.00
18900.00

520.cO
41700.00

176000.cO
195000.cO

419.00              0.48              0.02
415.00              0.60              0.02
426.00              0.19              0.04
417.00              0.40              0.02
419.cO              0.43              0,02
428.cO              0.39              0.10
528.cO             0.08             0. 32
417.cO              0.28              0.03
415.cO              0.48              0.03
418.cO              0.54              0.03

'



Results  of  Inscrunental  Neucron  Activa€ion  Analyses  (INAA)

Selected  samples  were  sent  to  XRAL  Activation  Services

in  Ann  Arbor,   Michigan  for  combined  XRF-INAA  analysis.     Most

Mecca-type  samples  were  sent  to  M.   D.   Glascock  of  the  Uni-

versity  of  Missouri-Columbia  Reactor  for  INAA.     Several

Heebner-type  samples  also  were  sent  to  the  Missouri  Reactor

and  several  Mecca-type  samples  to  XRAL  as  a  check  for  accu-

racy.     A  total  of  54  elements  were  measured  by  various

methods  including  INAA  (instrumental  neutron  activation

analyses)   and  XRF,   depending  on  the  element.

Plots  of  Midcontinent  Pennsylvanian  black  shales  in

this  study  (chondrite-normalized)   show  three  types  of  REE

patterns   (Figure  13).     Heebner-type  shales  show  the  most
similarity  to  NASC  patterns.    Mecca-type  black  shales  are

highest  in  overall  REE's  and  are  thus  differentiated  from

NASC  and  PAAS.     Thirdly,   Shanghai-type  black  shales  have  low

total  REE  patterns  and  plot  below  any  other  type  of  shale

sample.     Mecca-type  samples  show  a  strong  enrichment  in

middle  REE,   not  seen  in  the  other  types.

Most  Mecca-type  samples  are  enriched  in  various  metals

as  compared  with  Heebner-type  and  Shanghai-type  shales.
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Figure  13.  A.  Rare  Earth  Element  (REE)   distribution  for
black  shale  types  in  this  study.

a.  REE  distribution  for  shale  standards.    NASC
represents  North  American  Shale  Composite.
PAAS  refers  to  post-Archean  Australian  Shales,
included  for  reference.    All  samples  are
chondrite-normalized.     PAAS  data  from  Nance
and  Taylor  (1976),   composite  of  23  samples.
NASC  data  from  Haskin   (1968),   composite  of  4o
samples.     Adapted  from  Schultz  and  Coveney  (in
press) .
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Plot of Flare Earth Elements of Midcontinent

Pennsylvanian Black Shales, PAAS, and NASC

F]are Earth Elements
Avg. Heebn®r-type         +      A\rg. Mecca-type      a      Avg.Shanghalrtyp®

Flare Earth Elemenits
NASC



Mecca-type  deposits  contain  elevated  values  of  V  (avg.   =

1903.5   ppm),   Cr   (avg.   =   371.3   ppm),   Sn   (avg.   =   39.1   ppm),   Ni

(avg.   =   311.0   ppm),    Zn   (avg.   =   1383.9   ppm),   Se   (avg.   =   158.8

ppm),   Mo   (avg.   =   1118.2   ppm),   Cd   (avg.   =   75.2   ppm),   and   U

(avg.   =  135.2  ppm)   (Table   10).     Although  these  values  may

not  be  ore-grade,  the  values  are  enriched  in  comparison  to

many  North  American  black  shales   (Vine  and  Tourtelot,1970).

Heebner-type  black  shales  are  semimetalliferous  in

comparison  to  Mecca-type  deposits  and  are  enriched  in  metals

in  comparison  with  Shanghai-type  samples.     Average  values

for  selected  metals  in  Heebner-type  deposits  are:  V  (802.5

ppm),   Cr   (502.3   ppm),    Sn   (13.5   ppm),   Ni    (219.6   ppm),    Zn

(1220.2   ppm),    Se   (34.3   ppm),   Mo   (63.5   ppm),    Cd   (39.7   ppm),

and  U   (51.2   ppm)    (Table   10).

Shanghai-type  deposits  are  enriched  neither  in  metals

nor  organic  matter  and  form  the  nonmetalliferous  end  of  the

Midcontinent  Pennsylvanian  black  shale  spectrum.     Average

values  for  selected  metals  include:   V   (109.5  ppm),   Cr   (195.5

ppm),    Sn   (1.0   ppm),   Ni    (116.8   ppm),    Zn   (91.8   ppm),    Se   (4.7

ppm),   Mo   (3.8   ppm),   Cd   (1.2   ppm),   and   U   (7.0   ppm)    (Table

10).

A  plot  of  metals  in  Midcontinent  Pennsylvanian  black

shales  as  compared  with  SDO-1  shows  enrichments  of  V,   Cr,

Ni,   Zn,   and  Mo  in  Mecca-type  shales;   V,   Cr,   Ni,   Zn,   and  Sr

in  Heebner-type  shales;   and  Cr  and  Zn  in  Shanghai-type

shales   (Figure  14).
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Figure  14.   Plot  of  metals   (in  ppm)   as  compared  with
metal  values  in  U.S.G.S.   Geochemical
Standard  SDO-1.     SDO-1  values  from  Huyck
( 1991) .
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Plot of Metals in Midcontinent Pennsylvanian
Black Shales vs. Metals in SDO-1

Sc        TI         V        Mn       Cr        Fe        NI        Zn       Co       Sr       Mo       Ba

Metals (in ppm)
E      Mecca-type +      Heebner-type c>      Shanghal-type



Table  10.     Group  means  and  standard  deviations  of  geochemi-
Gal  parameters  of  all  black  shales  in  this  study.

116



GPIOUP MEANS AND STANDAPD DEvlATIONS
GF}oup MEANS                                                                    GFroup sT^NDAFD DEviATioNs

Group 1 GFroup 2 Glroup 3 GFroup 1 GFroup 2 Gfroup 3
V^F}lABLE HEEBNEFLrvpE SHANGHAI-TYPE MECCATYPE HEEBNER-TYPE SH^NGH^l-TYPE MEcO^-ttpE
SORG 0.08 0.02 a.118 0.05 a.02 a.08
TOG 10.cO 2.47 25.43 7.16 2.11 10.01

FE2SOL 0.70 0.62 0.50 0.41 0.25 0.25
FETsOL 1.28 1.31 1-18 a.68 0.49 0.83
FEPY 1.05 0.e3 3.71 0.43 0.cO 2.97
SPY 1.01 a.72 2.co 0.50 a.57 2'00
DOP 0.47 a-32 0.75 0.10 0.21 0.09
8 1 1 a.92 105.00 loo.85 33.26 46.55 2e.84
Na 0.63 0.G4 0.27 0.26 0.15 0.11

Mo 2.85 1.cO O-cO a.a8 0.24 0.cO
AI 12.55 13.24 5.cO 2.9e e.53 1.49
Si 41 .78 37.43 16.19 8.72 15.34 4.78
P 1.41 a.27 2.18 1.97 O.ae 1.01

S 1.35 a.74 4.19 0.47 0-57 3.40
8® 3.73 4.00 3.00 1-sO 2.31 1.17

K 2.98 2.40 1.95 a.81 1.44 0.52
Ca 8.22 17.18 a.78 9.24 18.2e 0.98
se 12.37 12-73 12.92 2.cO 5.ca 2.cO
T' 0.58 0.57 0.27 0.14 029 0.07
V 807.54 10®-50 1 903.47 952.04 71 .2e 973.51
Mn 0.04 0.05 0.10 0.02 0.02 0.32
Cr cO2.31 195.50 371 .29 337.00 201.cO 1ce.37
F® 4.21 4.12 4.63 1-05 1.cO 2.84
Sh 13.52 1.00 39.13 9.48 0.80 9.10
Ni 219.e2 118.75 31 1 .00 1 19.4e cO.52 141 .87
Zn 1220.23 91 .75 1383.94 2057.83 80.00 1 100.18
Co 40.cO 17.25 24.cO 29.95 4.1® e.29
A€ 23-08 1 1 .25 34.98 1e.79 10.01 15.07
So 34.31 4.68 158.78 31.83 3.55 52.81
Br 5.08 10.00 8.57 1.89 7.53 14.47
FRO 131 .54 120.00 105.94 38.48 75-28 27.54a 2er.e2 257.50 10®.47 1se.67 1 14.71 34-98
Mo e3.46 3.75 1 1 18.24 83.83 1.50 5ae.ae
Ag 0-92 1.25 5-55 a.sO 1.84 2.07
Cd 37.92 1.20 75.24 50.2e 1.22 79.25
Ba 321.54 2es.00 4cO.2® 98.71 188.06 253.00
La 39.33 28.75 37.09 28.51 14.79 14.2e
Cb 63.38 52.sO co.'7 47.es 24.01 31 .35
Nd 28.77 21 .50 44-1 1 24.00 13.92 42.el
en 5.40 3.cO 10.11 5.00 2.91 1 1 .80
Eu 1.15 0.88 1.84 1.22 0.e4 2.33
Yb 2.50 1.75 3.02 1.38 0.8e 0.50
Hf 2.75 2.75 2.52 0.83 1.50 0.73
Ta 0.85 0.75 0.9e a.20 O.cO 0.23
W 10.e4 10.56 5.87 7.40 9.19 2.82
I, sO.00 14.00 2.35 57,80 2.1C 2.12
fu 3.cO 1.cO 2.06 1.47 1.85 123
Tt' 825 8.ae 8.ce 1.85 4.82 1.78
U 51.15 7.00 138.24 74.16 e.00 1cO.ee



Based  on  the  results  of  INAA  analyses,   it  is  evident  that

metals  such  as  V,   Cr,   Sn,   Ni,   Zn,   Se,   Mo,   Cd,   and  U  had  an

opportunity  to  be  f ixed  in  Desmoinesian  black  shales   (mainly

Mecca-type  shales).     As  organic  carbon  production  decreased

through  the  Missourian  and  Virgilian,  metal  fixation  de-

creased  and  the  quantity  of  metals  present  in  Missourian  and

Virgilian  black  shales  decreased  dramatically.

Results  of  Sulfur  Isotope  Analyses

The  conditions  of  sedimentation  of  Midcontinent  Penn-

sylvanian  black  shales  af fected  sulfur  isotopes  in  both

coarse-grained  sulfides  and  in  dispersed  sulfides,  as  meas-

ured  on  aliquots  of  Ag2S  from  chromium  reduction  precipi-

tates.     High,  variable    b34S  values  are  typical  of  sediments

deposited  in  shallow  anoxic  waters,   analogous  to  Desmoine-

sian  black  shales   (Coveney  and  Shaffer,1988),   whereas

Missourian  and  Virgilian  black  shales  formed  under  deeper

anoxic  to  dysaerobic  conditions  and  thus  contain  sulfur  with

lighter,  more  constant    834S  values.

According  to  Schwarz  and  Burnie   (1973),   sulfur  isotope

ratio  distributions  in  clastic,  nonvolcanic  sediments  can  be

accounted  for  in  two  models:   (1)   an  open-system  reduction  of

seawater  sulfate  under  steady-state  conditions  with  b34s

values  approaching  -50  per  nil,   or   (2)   a  closed  system
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reduction  of  a  limited  sulfate  pool  with  b34S  values  ranging

from  -3  to  -25  per  nil.     The  latter  condition  apparently

develops  in  nearshore  sedimentary  settings  where  organic

supply  is  greater  than  bacterial  consumption,  that  is,  the
Mecca  Quarry  Shale  Member.

In  this  study,  b34S  values  of  Mecca-type  shales  average

approximately  -14  per  nil,  but  range  from  -42  to  -5  per  nil

(Table  11).     This  is  suggestive  of  a  nearshore  setting,  with
a  relatively  rapid  rate  of  sedimentation.    Organic  nutrient
supply  probably  exceeded  bacterial  consumption  rate,  thus

providing  for  relatively  heavy  and  erratic b34S  values.
Heebner-type  shales  average  approximately  -30  per  nil,

and  range  from  -42  to  -27  per  nil   (Table  11),   indicative  of

a  more  offshore  setting  with  a  slower  rate  of  deposition.

The  less  variable  b34S  values  can  be  accounted  for  by  a  more

uniform  condition  of f shore  because  of  an  open  dif fusion  of

sulfate  from  seawater  into  the  sediment,  allowing  greater

bacterial  fractionation  (Schultz  and  Coveney,   in  press).

Shanghai-type  deposits  display  a  heavy  b34S  average

value   (Table  11),  pointing  to  a  more  nearshore  setting.

Although  few  samples  were  used  in  this  study,  values  for

Shanghai-type  shales  are  heavy  and  erratic,  similar  to

Mecca-type  shales,  but  without  the  tremendous  organic  con-

tent  present  in  Mecca-type  units.

Thus,   in  a  Desmoinesian  to  Virgilian  time  frame,   Penn-

sylvanian  black  shales  show  an  overall  decrease  in  organic
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Table  11. Sulfur  isotope  data  from  sulfides.    Note
increase  through Virgilian  and  relatively  heavy,
yet  erratic,  values  for  gray  and  black
Desmoinesian  shales.     Values  from  Coveney  and
Shaffer  (1988)  are  from  individual  sulfide
minerals  whereas  all  other  values  are  for
extracted  sulfides  (from  Schultz  and  Coveney,
in  press) .

I
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*denotes values for individual grains of sulfide minerals

from Coveney and Shaffer (1 988).
data from Schultz and Coveney (in press)



carbon  production,   a  deepening  of  seas  towards  the  western

Midcontinent,  and  a  progressive  ventilation  with  time,  as

indicated  by  falling  DOP  values,     accounting  for  the  isotop-

ica|ly  light  634s  values  during  the  Missourian  and  early

Virgilian.    Later,  as  conditions  became  drier  in  the  late

Virgilian  and  early  Permian,   b34S  values  become  more  erratic

as  organic  production  decreased  dramatically  and  bacterial

fractionation  decreased.

Results  of  Statistical  Analyses

Statistical  analyses  of  geochemical  parameters  from  the

Midcontinent  Pennsylvanian  black  shales  in  this  study  in-

clude:  multiple  discriminant  analysis,  cluster  analysis,  and

principal  components  analysis.    The  initial  step  that  was
done  in  the  multivariate  analysis  of  these  data  is  the
formation  of  a  Pearson  correlation  coef f icient  matrix  be-

tween  all  geochemical  parameters   (variables)  within  groups

(black  shale  types)   (Tables  12  and  13).     The  purpose  of  the

construction  of  correlation  coef f icient  matrices  is  to  form
a  preliminary  working  model  showing  which  variables  are  most

important  in  separating  black  shale  types.    From  the  corre-

lation  coefficient  matrices,  Heebner-type  and  Mecca-type

deposits  show  good  correlations  among  DOP,   Fepy,   and  Spy,

indicating  that  pyrite  formation  is  an  important  event
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Table  12.    Correlation  coefficient  matrix  for  geochemical
parameters  of  Heebner-type  black  shales.    Fivefractions  are  present  in  the  samples:  detrital,
carbonate,  P/REE,  heavy  metals,  and  organics.
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Table  13.    Correlation  coefficient  matrix  for  geochemical
parameters  of  Mecca-type  black  shales.    Fourfractions  are  present  in  the  samples:  detrital,
carbonate  (weak) ,  heavy  metals,  and  organics.
Although  a  weak  REE  fraction  is  present,  it  does
not  correlate  with  P  as  in  the  Heebner-type
shale  samples  because  of  a  lack  of  P  in  Mecca-
type  black  shale  samples.
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during  black  shale  diagenesis.     Relatively  high  DOP  values

in  Heebner-type  deposits  and  high  DOP  values  in  Mecca-type

shales  verify  this  interpretation.    Mecca-type  shales  show

positive  correlations  between  TOG  and  many  metals   (including
V,  Cr,  Ni,  and  Zn),  thus  indicating  that  metals  are  attract-

ed  to  sediments  with  higher  TOG  contents.

Based  on  the  correlation  coef f icient  matrices  of  both

Heebner-and  Mecca-type  black  shales  (Shanghai-type  samples

were  not  included  because  there  were  too  few  samples),   it  is

evident  that  several  fractions  of  elements  and  geochemical

parameters  are  present  in  each  type  of  deposit.    The  differ-
ences  in  the  f ractions  of  the  two  black  shale  types  indicate
that  dif ferent  sedimentological  and  geochemical  processes

occurred  during  diagenesis  of  the  shales  and  ref lect  dif fer-
ent  depositional  settings  of  the  black  shales.

Heebner-type  black  shales  show  f ive  major  fractions  or

groupings  of  elements  and  geochemical  parameters.     The
fractions  are  summarized  in  Table  14  and  include:  detrital,

carbonate,   phosphate  and  REE,  heavy  metals,   and  organics

associated  with  pyrite  formation  under  reducing  conditions.

The  detrital  f raction  of  the  Heebner-type  shales  includes
detrital  elements  K,   Si,  Al,   Ti,   Sc,   Rb,   Hf ,   Th,   and  Na.

However,  additional  elements  are  included  in  this  fraction

of  Heebner-type  black  shales  based  on  their  high  positive

correlation  coefficients,  and  include:   Be,   8,   and  Fe.     The

Fe  is  mostly  present  as  iron  coatings  on  clay  minerals  in
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Table  14.  Summary  of  fractions  present  in  Heebner-type
black  shales  and  Mecca-type  black  shales
based  on  correlation  coefficient  matrices.
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Fractions of BIack Shale Types Based on Correlation Coefficients (> 0.65)

Group 1 : Heebner-type
El e in ents:                                                                                                               Fradion :
K, Si, Al, Ti, 8, Fe, Be, Sc, F]b, Ba, Hf , Th, Na
Mn, Mg, Ca, Sr
P, FIEE, Mo, Se, U, V, Ni, Zn, Cd, Br
Co, Au. Sn
S, DOP, TOG, Sorg
Fepy, Fe2sol, FeTsol, Spy

Detrital
Carbonate
P/PEE
Heavies
Organies and

ite-formation

Group 2: M--type
E lements:                                                                                                                   Fraction :
K, Si, Al, Ti, Sc, F]b, Hf, Th, Na
Mn, Mg, Ca, Sn (weak)
S, Dop, TOG, Sorg, Fepy, Fe2sol, FeTsol, Spy
Mn, As, Co, As, Ca, Zn, Cd

PEE, P' U, Au

Detrital
Carbonate
Organies, pyrite-
formation and others
(reducing conditions)
P/PEE (weak)



this  fraction  of  Heebner-type  shales  whereas  scanning  elec-

tron  microscopy  indicates  that  Fe  is  present  mostly  in

sulfides   (i.e. ,   pyrite)   in  Mecca-type  shales   (Coveney  and

Glascock,1989).     The  Heebner-type  carbonate  fraction  con-

sists  of  Mn,   Ca,  Mg,   and  Sr,   although  the  correlations  are

rather  weak.    It  is  postulated  that  the  carbonate  production

process  is  a  secondary  process  in  the  diagenesis  of  these
shales.     Phosphate  and  REE  correlations  in  Heebner-type

shales  suggest  a  rather  strong  relationship  among  P,  REE,

Mo,   Se,   U,   V,   Ni,   Zn,   Cd,   and  Br.     The  abundant  phosphatic

nodules  in  Heebner-type  samples  most  likely  are  a  sink  for

REE  and  other  metals   (i.e.,   U,   V,   and  Cd).     The  heavy  metal

fraction  in  the  Heebner-type  samples  consists  of  Au,   Sn,   and

Co,  although  correlations  are  rather  weak  in  this  fraction.

Lastly,  organics  and  pyrite-forming  elements  (iron  and

sulfur)  comprise  the  organic  fraction  under  reducing  condi-

tions.     Based  on  the  correlation  coefficient  matrix  for  S,

DOP,   TOC,   Sorg,   Fepy,   and  Spy,   pyrite  formation  under  reduc-

ing  conditions  is  an  important  activity  during  diagenesis  of
the  Heebner-type  black  shales,  but  did  not  control  the

distribution  of  metals  such  as  Mo,  Ni,   and  Zn,  which  corre-

late  with  the  P  fraction.
Mecca-type  black  shales  contain  four  major  fractions  or

groupings  of  elements  and  geochemical  parameters  based  on

the  correlation  coefficient  matrices:  detrital,  carbonate,
heavy  metals,   and  organics  (Table  14).     The  detrital  frac-
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tion  of  Mecca-type  shales  is  similar  to  the  detrital  frac-
tion  of  the  Heebner-type  shales  and  includes  K,   Si,  Al,  Ti,

Sc,  Rb,   Hf ,   Th,   and  Na.     Note  that  Fe  is  not  contained  in

this  fraction,  unlike  the  Heebner-type  shales,  and  indicates
that  iron  is  not  present  as  coatings  on  clay  minerals,  but

is  concentrated  in  the  sulf ide-organic  fraction  during  the
formation  of  pyrite.    This  indicates  that  the  relative
importance  of  pyrite  f ormation  in  Mecca-type  shales  is

greater  than  that  of  Heebner-type  shales.    Thus,  DOP  values
are  greater  in  the  Mecca-type  shales.    Unlike  the  Heebner-

type  shales,  carbonate  production  is  relatively  unimportant
in  Mecca-type  shales  as  evidenced  by  the  low  correlations

among  Mn,   Ca,   and  Mg.     Because  of  the  lack  of  the  REE/P

fraction  in  the  Mecca-type  black  shales,  metals  normally

associated  with  phosphatic  deposits  as  in  Heebner-type

shales   (i.e.,   Mo,   U,   V,   Ni,   Zn,   and  Cd)   are  present  in  other

fractions  in  Mecca-type  black  shales.     Sulfides  and  pyrite

nodules  become  sinks  for  other  metals  In  Mecca-type  black

shales  as  evidenced  by  the  association  of  Mo  with  f ramboidal

pyrite   (Coveney  and  Glascock,1989).     Mo,   V,   Ni,   and  REE  are

included  in  the  heavy  metal  fraction  whereas  Zn,   Cd,   and  Co

are  included  in  the  organic  (pyri€e-formation  under  reducing

conditions)   fraction.

To  quantitatively  determine  which  geochemical  parame-

ters   (i.e.,   Spy,   DOP,   TOG,   REF)   in  Pennsylvanian  black

shales  best  discriminate  between  black  shale  types,  the
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stepwise  discriminant  analysis  in  SPSS  was  used.     Groups

were  predefined  by  lithologic  character  (i.e. ,  Mecca-,

Heebner-,   and  Shanghai-type)   and  the  variables  were  repre-

sented  by  the  various  geochemical  parameters.     Linear  combi-

nations  of  the  parameters,  referred  to  as  canonical  discrim-

inant  functions,  were  computed  and  maximized  separation

between  black  shale  groupings   (Table  15).     Only  the  number

of  f unctions  that  account  f or  the  greatest  variance  within
the  variables  need  to  be  computed  because  the  f unctions  are

derived  in  order  of  their  power  to  discriminate  between

groupings .
Variables  that  account  for  the  greatest  discriminating

power  between  groups  are  represented  by  the  variables  with
the  greatest  Wilks'  Lambda,   or  multivariate  measure  of  group

difference.    Parameters  with  the  greatest  values  for  Wilks'

Lambda   include:   Sn,   Mg,   Cr,   Mo,   V,   Sr,   TOG,   Fetsol,   Zn,

Fetot,   and  DOP   (Table  16).

Following  the  stepwise  discriminant  function  analysis

and  calculation  of  canonical  discriminant  functions,  a

cluster  analysis  was  conducted  that  used  the  previously

calculated  variables,  most  powerful  in  terms  of  discriminat-

ing  power.    A  factor  analysis  separated  variables  into

clusters  and  a  subsequent  Wards'  minimum  variance  cluster

program  provided  an  ''icicle  diagram"  that  divided  clusters

into  five  major  groupings   (Figure  15).     These  groupings

corresponded  to  Heebner-type  samples,   Shanghai-type  samples,
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Table  15. Eigenvalues,  variance,  canonical  correlation,
and  Wilks'  Lambda  values  for  statistical
analysis.  Note  that  after  only  one  discriminant
function  pass,   97.22%  of  the  variance  was
accounted  for,  thus  only  one  discriminant
function  was  used  throughout  the  study.
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FUNCTloN      EIGEhrvALUE        pEFicENT OF     cL"uLAirvE    cAr\ioNlcAL           AFTEF}         wLJes'                cH[-

vARLAr\icE           PERCENT           cOFiFiEiiITioN      FUNc7ioN  ij"BDA              sQL]AFtED                  D.F.                siGNiF..

0     0.023226        109.110-10             0.000

1           23.3645            97.22            97.22      0.9800892               1      0.589107          15.345            4            0.004
2          0.69748              2.78          100.00      0.6410093



Table  16.    Surmary  of  stepwise  regression  analysis.
represents  importance  of  variable  in  terms
discriminating  between  black  shale  types.
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SIEPWISE REGRESSION SUMMARY TABLE

ACTI ON                                         WI Ll(S'

STEP    ENTERED       VARS IN         LAMBDA
1Sn
2Mg
3Cr
4MO
5V
6Sr-
7  Sorg
8TOC
9   Fetsol

10Zn
11    Fet
12   DOP

1          0.24501
2        0.09505
3         0.05199
4        0. 03570
5         0.02311
6         0.02311
7         0.02310
8        0. 02289
9        0. 02230

10         0.02230
11          0.02200
12         0.01809



Figure  15.  Ward's  minimum  variance  cluster  analysis  of  black
shale  geochemical  parameters.    Note  that  here  is
a  good  progression  between  Heebner-type  and
Shanghai-type  black  shales,  but  a  clear  distinc-
tion  exists  in  mecca-type  samples.    The  outlier
represents  Holland  Shale  Member.    Metal-rich
Mecca-type  represents  metalliferous  Mecca-type
black  shales,  and  mecca-type  gray  shales  are
Hesler  C  and  Velpen  C  samples.
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Mecca-type  samples,   the  most  metal-rich  Mecca-type  samples,

and  one  outlier   (Holland  Shale  Member) .

Lastly,   a  principal  components  analysis  showed  groups

(in  three  dimensions)  were  separated  by  geochemical  parame-

ters.     A  good  separation  between  Mecca-type  shales  and  other

types  exists  indicating  at  least  two  distinct  black  shale
types   (Table  17).     However,   a  significant  overlap  is  present

between  Shanghai-and  Heebner-type  units.     This  shows  that

there  is  a  progression  from  distinct  Missourian  black  shales

to  Virgilian  black  shales,  but  an  overlap  exists  within

Virgilian  black  shales  between  Heebner-type  and  Shanghai-

type  samples   (Figures  16  and  17).     Thus,   in  effect,  distinct

metal-rich  Mecca-type  black  shales  and  Missourian  Heebner-

type  deposits  plot  in  separate  groups  and  there  is  good

evidence  f or  a  separation  of  these  types  of  black  shales

(Figure  18) ,  but  questionable  evidence  for  the  differentia-
tion  between  late  Heebner-type  deposits  (Virgilian)  and

Shanghai-type  units  (Virgilian)   (Figure  19).     Further  study

and  more  careful  microstratigraphic  sampling  will  aid  in  the

clarification  of  this  problem.
To  simplify  the  problem  of  clustering,   a  second  analy-

sis  was  conducted  using  only  12  variables.     The  variables

were  selected  on  the  basis  of  the  stepwise  regression  analy-

sis.     Figures  20  and  21  represent  clusters  of  factor  scores

1  vesus  factor  scores  2  and  3,  respectively.    Note  the

better  separation  of  the  Mecca-type  samples  f ron  the  Heeb-
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Table  17.    Summary  of  classification  results  in  statistical
analysis.    Note  overlap  between  Heebner-type  and
Shanghai-type  samples,  but  no  overlap  with  Mecca-
type  black  shale  samples.    Percent  of  "grouped"
cases  correctly  classif led  ref erg  to  the  number
of  unknown  samples  that  plotted  in  ``correct"  or
predefined  groupings.
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CLASSIFICATION FIESU LTS
ACTUAL GF}OUP NO. OFCASES PF}EDICTED GROUP MEMBER SHIP

123
GF}OUP 1                                           13                    1T                       2                    0
HEEBNEPl-TYPE                                      84.6%        15.4%         0.0%
GROUP 2                                     6                  2                  4                0
SH ANG HAI-TYP E                                    33.30/a         66.7%        0. 0 0/a
GFIOUP 3                                      17                    0                    0               17
MECCA-TYPE                                              0.0%            0.0%       100.0%

PERCENT OF "GROUPED" CASES CORPECTLY CIASSIFIED:  94.44%



Figure  16.  Plot  of  regression  factor  score  1  versus
regression  factor  score  2.    Note  the  overlap
of  Heebner-type  and  Shanghai-type  samples,  but
no  overlap  of  mecca-type  black  shale  samples.
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Figure  17.  Plot  of  regression  faccor  score  1  versus
regression  factor  score  3.    Note  the  close
proximity  of  Heebner-type  and  Shanghai-type
samples ,  but  relatively  isolated Mecca-type
black  shale  samples.
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Figure  18.  Stacked  histogram  of  all  black  shale  samples
in  statistical  analysis.    Centroids  represent
center  of  groupings.    Heebner-and  Shanghai-
type  samples  overlap  indicative  of  a  progression
of  black  shales,  whereas  Mecca-type  black  shale
samples  are  isolated  and  do  not  overlap  other
black  shale  samples.
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Figure  19.   Dendrogram  of  samples  based  on  centroid  method
of  SPSS  (Statistical  Package  for  the  Social
Sciences).    The  grouping  of  samples  in  the  left
column  is  based  on  cluster  analysis.
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Figure  20.  Plot  of  regression  factor  score  1  versus
regression  factor  score  2  using  12  variables.
Note  the  increased  separation  of  the  Mecca-
type  samples  from  the  Heebner-  and  Shanghai-
type  samples,  but  a  poor  separation  between
Heebner-and  Shanghai-type  samples.
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Figure  21.  Plot  of  regression  factor  score  1  versus
regression  factor  score  3  using  12  variables.
Note  the  separation  of  Mecca-type  gray
shales,  but  the  close  clustering  of  Heebner-and
Shanghai-type  samples.    Outliers  represent
Logan  Quarry  Shale  Member  and  Holland  Shale
Member .
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ner-and  Shanghai-type  samples,   but  a  poor  separation  of

Heebner-and  Shanghai-type  samples.     It  is  evident  that  to

separate  Heebner-  and  Shanghai-type  samples  from  each  other,

more  variables  are  required.     Ward's  minimum  variance  clus-

ter  shows  the  separation  of  Mecca-type  samples,   Logan  Quarry

Shale  Member,   Holland  Shale  Member,   and  Heebner-and  Shang-

hai-type  shale  samples,   although  the  Heebner-and  Shanghai-

type  samples  are  poorly  separated  (Figure  22).     A  summary

table  of  values  f or  the  cluster  analysis  is  depicted  in
Table  18.
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Figure  22.    Ward's  minimum  variance  cluster  analysis
using  12  variables.    Note  the  separation
of  the  Mecca-type  shale  samples,  Logan  Quarry
Shale  Member,   and  the  Logan  Quarry  Shale
Member,  but  the  close  proximity  of  Heebner-
and  Shanghai-type  samples.
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Table  18.  Summary  table  for  values  in  cluster  analyses.
Values  are  included  for  the  analysis  with
all  variables  and  the  second  analysis  with
12  variables.
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Values for cluster Analysis
Analysis of all variables Analysis of 1 2 variables only

Sample Factorl      Factor2      Factor3      Factorl      Factor2      Factor3
EUI
HBC6
HBI
HLDI
HP3
HP4
L83
LOCI
MCI
MQHAI
MQHA2
MQHA3
MQHA4
MQHBI
MQH82
MQH83
MQHEIA
MQHC
MQHD
MQSB
MQVA
MQVB
MQVC
MQVD
QHCI
QHC2
QHI
QH3
SHC2
SHC3
SHI
SH2
ST2
ST3

-o.53484      1.27io9    -0.35642    -0.75638    ro.27311       1.34293
-1.19854    -2.43054    -0.33063    -1.45991     -1.06765    -1.56042
-o.94567      0.82669      0.95444    -O.61455    ro.06341       0.5o796
0.31207    -0.29348      5.11358      0.91786    ro.00776    -0.70886

ro.79860    -0.36880    -0.63328    -1.19638      0.13587      0.09339
-1.o767i     -0.92451    ro.Oooi7    -1.28307      3.14043    -O.3909i
-0.74054      1.03108    -0.08430    -0.69572      1.68705      0.43805
ro.3586O    -1.4Oi98    ro.23342      0.83187    ro.95777      2.63069
-0.22738      0.28999    ro.39348    -0.931 55      0.1 3244      1.42536

1.6Ooi5    -0.34892    ro.18695
1.43143      0.51983    ro.24734
1.24149      0.05006    -0.19453
1.21234      0.20070    -0.23623
1.41159    -0.40918    -0.28441
1.28089    -0.21218    ro.36727
0.92223      0.98369    -0.53487
1.24152      0.02550    -0.37675
0.22904       1.07865      0.14179
0.72579    cO.24876    -0.27956
1.43964    -0.48915      0.28798
0.34413      0.21916    -0.26574
0.79286    -0.45338    -0.04299
0.32262       0.61711     -0.01962
0.71652    -0.32339    -0.13023

1.3o35o       1.o5433    ro.11022
1.17768       0.49117    -0.42360
1.cO385      0.52434    -0.44775
1.09881       0.45694    ro.55846
1.23440       1.10613    -0.48444
1.3o63o      o.o3993    ro.47756
0.66030    ro.08447    -0.21993
1.30659    -0.08847    -0.39509
0.24802    -1.18493      0.03966
0.72933    -0.98916      0.29185
1.312cO       0.74114    -0.60158
0.62io8    ro.85306    -O.77cO5
o.92352    ro.79988    -1.17871
0.2902i    ro.97o78    -O.42o69
1.01775    cO.56443      3.37458

-1.40684      0.57039    -0.32086    ro.80933    ro.91205    -0.41829
-1.3825O      0.94094      0.15863    -0.99330    ro.99756    ro.66628
-0.71856      0.48827    -0.43575    ro.62451       1.23996    -0.14923
-0.56041       0.24346    -0.37638    -0.94737      1.09023      0.22746
-1.09144    -1.61447    ro.53378    -1.17455    -1.22877    -0.66080
-0.85568   -2.51442     -0.54329    -0.94074    -1.46747    -1.12808
-1.09483      1.69762      0.30442    -0.84286    -0.50252      0.33227
-1.30563      1.53926      0.02888    -1.28820      0.00276      0.89478
-0.70888    -0.96543      1.50323    -0.83207      0.17983      0.06711
-0.21864      0.40508    -0.76744    ro.59259      0.99o68      0.10487



'

'
Provenance  and  Weachering

One  goal  in  examining  the  chemical  composition  of

elastic  sedimentary  rocks  (i.e.,  black  shales)   is  to  ascer-

tain  provenance  or  source  area.     Sources  of  clastic  rocks,

according  to  Taylor  and  MCLennan   (1985)   are:

1.   "Primary"  igneous  rocks  and  their  metamorphosed  equiva-
lents,  derived  from  the  mantle  through  partial  melting

stages .

2.   "Secondary"  igneous  rocks  derived  from  the  remelting  of

crustal  rocks.

3.   Recycled  sedimentary  and  metasedimentary  rocks.

The  provenance  of  many  sediments  is  usually  made  up  of

recycled  crustal  material  implying  large-scale  mixing  of

upper  crustal  rocks   (Taylor  and  MCLennan,1985).     Sedimenta-

tion  involves  several  complex  chemical  and  physical  process-

es,   including,  among  others,  weathering.    Because  rare-earth

elements'  behavior  during  weathering  is  not  well-understood,

it  is  important  to  attempt  a  quantif ication  of  the  chemical
effects  of  weathering  on  shales,  black  shales  in  particular.

Three  major  stages  of  weathering  have  been  recognized  by

Chesworth   (1973) :
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1.   Early  Stage  -formation  of  chlorite,   smectite,  vermicu-
lite,  and  illite  with  high    cation  exchange
capacity   (CEC).

2.   Intermediate  Stage  -clay  fraction  composed  mostly  of
smectite,  with  lesser  amounts  of  illite.

3.  Late  Stage  -clay  fraction  dominated  by  kaolinite-gibb-
site-quartz,   iron  oxides,   low  CEC.

High  rates  of  mechanical  erosion  necessary  to  form  clastic

sediments  such  as  black  shales,  usually  follow  periods  of

significant  uplift,  therefore  it  is  inappropriate  to  associ-
ate  clastic  sediments  f ron  extremely  weathered  sources

(i.e.,   late  stage)  with  clastics  in  this  study.    Considering
weathering  effects  of  shales  in  this  study,  the  early  and

intermediate  stages  seem  most  germane.

Under  early  stages  of  weathering,   large  cations  (Rb,

Cs,   Ba)   are  adsorbed  on  clays   (Nesbitt  and  Young,   1984)   and

immobile  elements   include:   Al,   Ga,   Ti,   Zr,   Hf ,   REE's,   Th,

and  Nb.     Some  Ni  and  V  mobility  is  apparent,   according  to

Kronberg  et  al.,   (1979),   especially  important  in  black

shales .

Nesbitt  and  Young   (1982)   have  developed  a  quantitative

assessment  of  weathering  ef fects  on  sedimentary  rock  compo-

sition  referred  to  as  chemical  index  of  alteration  (CIA):

CIA   =   [A1203/(A1203   +   Cao   +   Na20   +   K20)]   X   100
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Because  feldspar  makes  up  approximately  50%  of  the  upper

crust,  this  index  measures  with  a  good  degree  of  accuracy,

the  degree  of  feldspar  to  clay  mineral  alteration  during

weathering.    A  typical  value  for  an  average  shale  is  70  to

75,   as  compared  with  50  for  the  average  upper  continental

crust   (Nesbitt  and  Young,1982).     The  70  to  75  values  for

shales  indicate  that  weathering  has  not  progressed  to  the
stage  where  alkalis  are  removed  from  the  clays.     Black

shales  in  the  Midcontinent  possess  CIA  values  within  the  70

to  75  range,   indicative  of  early  to  intermediate  weathering

phases .
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Chapter  6.  Discussion  of  Black  Shale  Types  and  Deposi€ional
Hcrdels

Pennsylvanian  black  shales  of  the  Midcontinent  can  be

differentiated  on  geochemical  parameters.    Three  Midconti-

nent  black  shale  types  are  differentiated  on:  variation  in

inorganic  geochemistry  (metal  contents) ,  type  and  abundance

of  organic  constituents,  sulfur  isotope  variation,  and
inferred  f luctuations  in  bottom-water  oxygenation  conditions

during  depositional  processes   (Schultz,1990).     Paleontolog-

ical  and  sedimentological  characteristics  further  character-
ize  the  black  shale  types.    The  three  types  of  black  shale

sequences  are  referred  to  as:  Mecca-type,  Heebner-type,  and

Shanghai-type   (Figure  23).

Mecca-type  Black  Shales

The  prototype  Mecca  Quarry  Shale  Member,   along  with

other  Mecca-type  black  shales   (Desmoinesian)   including  the

Holland  Shale  Member  and  the  Logan  Quarry  Shale  Member,

contain  elevated  TOG  values,   typically  between  20%  and  40%,

usually  of  terrestrial  origin,  as  shown  by  Rock-Eval  analy-

ses   (Coveney,   Watney,   and  Maples,1991)   (Table   19).     Metal

values  also  are  high  with  Mo  between  500  ppm  and  3000  ppm

(Coveney,   Watney,   and  Maples,1991),   including  a  value  o£

2000+  ppm  in  Mecca  Quarry  Shale  samples  from  Velpen,   Indi-

ana,
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Figure  23.  Black  shale  types  of  the  Midcontinent  Pennsylva-
nian  (from  Schultz  and  Coveney,   in  press).
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Table  19.    Characteristics  of  black  shale  types  in  the
Midcontinent  Pennsylvanian  (from  Schultz  and
Coveney,   in  press).
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Characteristics of BIack Shale Types

Parameters           M ecca-type                 H eebner-type              Shanghai-type

Organic matter type > 20%, t®rrostrialiype (1) < 20%. marin®iypo, (2) < 15%. mixed marine-

and quantity nd torT®ctrial tyFros

Inorganic > 100 ppm u < 100 ppm U << cO ppm u

gcohonirty > 5cO ppm Mo (3) < 2co ppm de < 10 ppm MO

< 0.3 % P205 (4) > a.39b P205 > 0.5% Fro5
S isctopoe erratic, hqu (5) constant, light (9 oITatic, heavy

Sedimentary 8ilicicLastic aeeociaton call)onato association ctliciclastic a8oociation

carboncto nod ul®s phoaphatic nedul®s few phoephatic nodules

abu ndant. `vellprosenrodfoedlecolors:N2-N3 tw foc6ilscolore:N3" abundant. phoaphctic fo6eilscolors:N4-N5

Dopoeitionalonvlronm®nt

nouchor® ofthoro isolated,  lagoed
E"on"at®,conditions(cop

inhoapitablo (cop > 0.70) rochctod (0.17 < DOP < 0.70) a®rchjc (trap < a.35)

Ouontitafro high C/S ratice low C/S ratios Iow C/S ratios

TCX3 v8. Spy bolo`^/ nomal marine abo`ro nomal marine 8lighoy b®lon/ nomal marine

Exanploe Mooca Qunrry, Logan QunrTy,H®ebner, OIi®®n Hill, Sfafk. Shonghdi Crook. Haft.

Hall®nd Huchpuckn®y, Wunoio Ck.,Eudora,LArchourroak.

data from Schultz and Coveney (in press)
(1 ) Shaffer and Leininger, 1985; Coveney, et al. , 1987
(2) Wenger and Baker, 1 986
(3) Coveney, et al. , 1987
(4) Coveney, et al„ 1991
(5) Coveney aind Shaffer, 1988



Uranium  values  are  generally  loo+  ppm.     Phosphate  values  are

low,   mostly  less  than  0.3  weight  percent  P205   (Coveney,

Watney,   and  Maples,1991).     Not  surprisingly,   phosphatic

nodules  in  Mecca-type  deposits  are  rare  and    b34S  values  are

variable:   Coveney  and  Shaffer  (1988)  have  reported  average

values  for  Mecca-type  black  shales  of  -12.9  per  nil,  but

note  that  erratic  values  are  typical  for  shallow-water
deposits.     DOP  values  for  Mecca-type  units  average  greater

than  0.75,   indicative  of  anaerobic  bottom-water  conditions

during  deposition,   as  defined  by  Raiswell  et  al.,   (1988).

Finally,  total  REE  values  are  large  in  Mecca-type  units  in

comparison  with  PAAS  and  NASC  and  the  distribution  shows  an

enrichment  in  middle  BEE  with  a  Eu  anomaly  comparable  to  the

shale  standards   (Figure  138).

Heebner-type  Black  Shales

Heebner-type  black  shales  are  generally,  although  not

always,  metalliferous   (Leventhal  ill  Huyck,1991) ,   and  in-

clude  several  units  Missourian  and  Virgilian  in  age.     Heeb-

ner-type  black  shales  in  this  study  include:  the  prototype
Heebner  Shale  Member,   Stark  Shale  Member,   Hushpuckney  Shale

Member,   Eudora  Shale  Member,   Muncie  Creek  Shale  Member,

Queen  Hill  Shale  Member,   and  the  Larsh/Burroak  Shale  Mem-

bers.     TOG  values  are  mostly  less  than  20%  and  reflect

marine-type  organic  matter   (Coveney,   Watney,   and  Maples,
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1991).      Typical   values   for  TOG  are   10-15%   (Table   19).     Metal

values  are  intermediate  in  comparison  with  Mecca-type  units,

with  less  than  500  ppm  of  Mo  and  loo  ppm  of  U  present

(Coveney,   Watney,   and  Maples,1991).     Phosphate  values  are

high  with  weight  percent  of  P205  usually  greater  than  0.3%

(Table  19).     One  sample  of  the  Stark  Shale  Member  in  eastern

Kansas  contains  5.43%  weight  percent  P205.     Phosphatic

nodules  are  abundant  in  these  units  and      34S  values  are

light,   yet  relatively  constant.     Coveney  and  Shaffer  (1988)

reported  an  average  of  -27.2  per  nil  for  midwestern  Missou-

rian  black  shales.     Values  of  -40.0  per  nil  have  been  deter-

mined  for  Virgilian  black  shales  in  this  study,  suggestive

of  a  more  distal   (to  shore)  origin  for  the  Heebner-type

deposits.     DOP  values  average  between  0.45  and  0.75,   indica-

tive  of  dysaerobic  bottom-water  conditions   (Schultz,1989).

REE  total  abundances  and  the  chondrite-normalized  distribu-

tion  are  similar  to  NASC  and  PAAS  values,   but  totals  are  low

in  comparison  with  Mecca-type  shales.  A  Gd  anomaly  is

present   (Figure  13).

Shanghai-type  Black  Shales

The  third  type  of  black  shale  delineated  in  the  Penn-

sylvanian  section  is  the  Shanghai-type  black  shale.    The

unit  has  been  clef ined  to  include  the  prototype  Shanghai

Creek  Shale  Member  and  the  Holt  Shale  Member  of  southeastern
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and  eastern  Kansas   (Schultz,1989).     TOG  values  are  low,

averaging  1.98%,   with  extreme  values  of  0.01  and  4.74

(Schultz,1990).     Rock-Eval  results  indicate  a  mostly

terrestrial ,  although  somewhat  mixed  terrestrial  and  marine

origin  for  the  organic  material   (Table  19).    Metal  values

are  exceptionally  low,  with  Mo  values  generally  less  than

120  ppm  and  U  values  less  than  20  Ppm.     The  quantity  of  P205

present  is  generally  moderate,  but  quantities  can  exceed
0.75  weight  percent.     Phosphatic  nodules  are  sparse,  but

phosphatic  brachiopods  are  abundant.     834S  values  average
-29.2  per  nil  with  little  variation,  possibly  indicative  of

sediments  deposited  in  marine  to  brackish  waters  where

deposition  was  fairly  slow.     DOP  values  are  low  in  general,

with  values  ranging  from  0.46  to  0.01   (average  0.15),   sug-

gesting  an  aerobic  setting  for  bottom  waters  (Schultz,
1989).     Finally,   total  REE  values  are  low  in  comparison  with

PAAS,   NASC,   Mecca-type  deposits,   and  Heebner-type  black

shales.     The  Eu  anomaly  also  is  small  in  Shanghai-type

units.     Despite  several  differences  between  Shanghai-and

Heebner-type  units,  the  statistical  analyses  show  that  the
two  types  are  gradational   (Table  19).       Table  20  depicts  a

representative  sampling  across  the  Midcontinent  Pennsylvani-

an  in  terms  of  metal  supply.
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Table  20. INAA  ( instrumental  neutron  activation  analysis)
data  for  45  elements  in  Pennsylvanian  black
shales.    The  data  represent  the  most  metal-rich
black  shale  samples.    Sample  locations  are
arranged  from  east  (left)  to  west  (right).    Note
that  Desmoinesian  black  shales  are  enriched  in
Mo,   U,   Se,   V,   and  Cd,   and  formed  near  shore.
Metal  contents  decrease  westward  where  deposi-
tional  environment  changes  to  fully  marine.    The
1989  average  refers  to  74  samples  of  black,  dark
gray,   and  gray  shales  reported  by  Coveney  and
Glascock   (1989).     From  Schultz  and  Coveney   (in
press ) .
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Depositional  Regime

The  origin  of  marine,  organic-rich,   and  generally

metal-rich,  black  shales  is  not  understood  fully  and  several

models  have  been  proposed  for  their  formation.     Wignall

(1991)  noted  that  in  epicontinental  basins,  the  problem  of
black  shale  origin  is  compounded  by  the  lack  of  modern

analogues.     The  Baltic  Sea  is  a  proposed  analog  for  the

Pennsylvanian  Midcontinent  and  will  be  discussed  in  a  later

section.     Black  shales  typically  are  confined  to  basin

centers  where  bathymetric  centers  double  as  depocenters  in

which  the  greatest  thicknesses  of  sediment  collects  (Wig-

nall,1991).     Depths  of  black  shale  deposition  on  continen-

tal  crust  range  from  a  few  to  hundreds  of  meters   (Hallam,

1967 ) .

The  black  shales  of  the  Midcontinent  Pennsylvanian  are

unquestionably  extremely  complex  units  in  origin  and  dif f i-

cult  to  explain  with  any  simple,   all-encompassing  theory  of

deposition.    However,  several  models  seem  to  fit  the  pattern

that  is  consistent  with  the  results  of  this  study.    Four

principal  publications  provide  the  framework  for  insight
into  the  origin  of  these  shales.    Factors  germane  to  this

point  include:  sedimentation  rate,  organic  matter  quantity
and  type,  sedimentary  structures,  sulfur  isotope  values,  and

most  importantly,  the  timing  of  fixation  of  heavy  metals  in

the  black  shales.     Studies  by  Zangerl  and  Richardson   (1963)

on  the  Mecca  Quarry  Shale  units,   Heckel   (1977)   on  the  origin
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of  the  phosphatic  black  shale  f acies  in  the  Midcontinent

Pennsylvanian,   Brongersma-Sanders   (1966,   1971)   on  the  postu-

late  of  upwelling  waters  leading  to  phosphate  development,

and  by  Coveney  et  al.   (1991)   on  a  model  for  black  shale

deposition  for  Pennsylvanian  black  shales  based  on  molybde-

num  abundances,  are  keys  to  the  understanding  of  the  origin

for  black  shales  in  the  Pennsylvanian  Midcontinent.

Black  Shale  Models

Zangerl  and  Richardson   (1963)   proposed  that  Midconti-

nent  black  shales  originated  chiefly  by  rapid  deposition,  in

a  shallow-water  marine  setting.     Near  the  water  surface,

Zangerl  and  Richardson   (1963)   envisioned  a  floating  mat  (or

flotant)  of  algal  materials  that  impeded  wave  action  and

added  a  tremendous  quantity  of  organic-rich  material  to  the
underlying  sediment.     R.   C.  Moore  envisioned  this  flotant  in

the  Pennsylvanian  Midcontinent  as  well.    This  notion  fits

well  with  the  Middle  Pennsylvanian  (Desmoinesian)   shales  of

Indiana,  which  have  been  proposed  to  have  formed  nearshore

in  a  shallow-water  environment.    Additionally,  the  correla-

tions  between  metal  concentrations  in  these  shales  and

seawater  composition  reported  by  Holland  (1970)  point  to-

wards  a  syngenetic  deposition  from  seawater  for  these  depos-

its.
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An  additional  syngenetic  model  for  development  of  metal-

liferous  black  shales  in  a  marine  setting  was  postulated  by

Brongersma-Sanders   (1966,   1971)   that  involved  phosphate  and

heavy  metal-rich  bottom  waters  upwelling  to  invade  platforms

beneath  a  thermocline.     Heckel   (1977)   used  this  model  to

argue  for  a  similar  situation  in  the  Midcontinent  Pennsylva-

nian.     Conodont  correlations,  phosphatic  nodule  and  laminae

development,  and  other  paleontological  and  sedimentary

criteria  were  used  to  support  this  argument.

Cannon  and  Force   (1983)   have  invoked  a  ''bath-tub  ring

model"  for  the  deposition  of  manganese  around  the  margins  of

basins  with  black  shale  development  in  their  center.    Be-

cause  most  black  shales,   including  those  in  this  study,  are

relatively  low  in  manganese  (Vine  and  Tourtelot,1970),   it

seems  that  Mn  has  been  lost.     Unlike  the  Cannon  and  Force

model,   however,  Mn  has  been  lost  even  from  nearshore  shales,

at  least  in  the  Mecca  situation.     However,   similar  to  manga-

nese  deposits,  phosphatic-rich  units  are  to  be  expected  at
the  margins  of  anoxic  basins,  and  their  proximity  to  a  redox

interf ace  may  be  a  focal  point  for  the  location  of  metal-

rich  deposits   (Kucha,1982).     The  location  of  such  an  inter-

face  is  crucial  in  the  understanding  of  ancient  shorelines
and  paleogeographic  reconstructions  of  units  such  as  the

metal-rich  Midcontinent  Pennsylvanian  black  shales.

Recently,   Coveney  et  al.   (1991)   have  proposed  a  model

f or  metal-rich  black  shales  of  the  Midcontinent  that  may
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resolve  the  dichotomy  between  the  of f shore  model  of  Heckel

(1977)   and  the  nearshore  model  of  Zangerl  and  Richardson

(1963).     The  Coveney  et  al.   (1991)   model  has  the  advantage

of  explaining  differing  black  shale  types  and  points  out

that  molybdenum  abundances  can  be  used  to  segregate  near-

shore  and  offshore  black  shale  types.     The  model  includes  an

accumulation  of  abundant  peat  debris  from  shallow  acidic

waters  during  the  Desmoinesian   (Middle  Pennsylvanian).

Black  shales  rich  in  Mo,   V,   Se,   and  U  were  deposited  during

this  time  adjacent  to  the  ancient  shoreline  and  character-
ized  by  association  with  deltaic  siliciclastic  deposits  and

coal  swamps.     Surface  waters  maintained  pH  values  less  than

6.0  and  less  than  5.0  in  pore  fluids.     Offshore  during  this

time,   less  organic  material  was  present  and  waters  were  less

acidic,   thus  metal  enrichment   (i.e.,   Mo,   U,   Se,   and  V)   was

lower  offshore.     Later,   in  the  Late  Pennsylvanian,  climates

became  drier,  vegetation  production  had  declined,  and  slower

rates  of  sedimentation  were  present.    Uniform  anoxic  condi-

tions  prevailed,   and  deeper  waters  allowed  upwelling  which

led  to  phosphatic-rich  black  shales  that  were  less  enriched

in  Mo,   Se,   V,   and  U   (Coveney  et  al.,1991).

Problems  associated  with  Zangerl  and  Richardson's

(1963)  model  include  their  requirement  for  an  extremely

rapid  deposition,  which  is  difficult  to  accommodate  assuming

a  syngenetic  origin  for  the  metals.     They  invoked  a  time-

span  of  f our  years  for  the  deposition  of  the  Mecca  Quarry
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Shale,  which  is  inconsistent  with  the  high  metal  values

determined  for  metal  emplacement.     A  theory  of  longer  depo-

sition  or  post-depositional  epigenetic  accumulation  of  these

units  could  alleviate  this  difficulty  (Coveney  and  Glascock,

1989 ) .

Upwelling  waters  are  unlikely  to  have  been  associated

with  the  nearshore  Mecca  Quarry  Shale  units  in  Indiana,  as

indicated  by  low  P04,   and  water  depth  may  have  been  too

shallow  for  a  thermocline  to  develop.     A  nearshore  redox

interface  was  probably  present  based  on  DOP.     In  addition  to

the  vertical  sequence,  the  nature  of  the  organic  matter

present  and  the  sulfur  isotope  variability  point  to  a  near-
shore  origin  for  the  shallow-water  Mecca  Quarry  Shale  depos-

its,

Source  for Hecal  Constituen€s

The  concentration  of  elements  scavenged  f ron  seawater

into  carbon-rich  sediments  can  be  used  to  monitor  the  geo-

chemical  behavior  of  the  elements  in  the  exogenic  cycle

(Holland,1984).     Holland   (1984)   suggests  that  the  processes

that  control  metal  enrichment  in  carbonaceous  sediments  have

not  changed  dramatically  during  the  past  2  b.y.    Thus,   it  is

appropriate  to  compare  changes  in  seawater  chemistry  with
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metal  constituents  in  metalliferous  black  shales  and  the

operation  of  the  exogenic  cycle  during  the  past  600  in.y.

The  best-studied  modern  example  of  an  anoxic  basin  is

the  Black  Sea.     But,  because  the  Black  Sea  is  a  rather

isolated  body  of  water  and  communicates  with  the  open  ocean

only  via  the  Mediterranean  Sea,  the  Dardanelles,  the  Sea  of

Marmara,   and  the  Bosporus   (Holland,1984),   it  represents  a

poor  analog  of  the  Midcontinent  Pennsylvanian.     The  Black
Sea  contains  abnormally  saline  water  near  the  Bosporus  as  a

result  of  evaporation  en  route  from  the  Atlantic  Ocean.

Additionally,   the  upper  200  meters  of  the  Black  Sea  are

oxygenated;  oxygen  is  absent  below  this  level  and  H2S  is

present.    Thus,  organic  matter  is  not  destroyed  as  complete-
ly  as  in  settings  overlain  by  oxygenated  water  columns.    A

suggestion  for  a  better  modern  analog  for  the  Midcontinent

Pennsylvanian  is  the  Baltic  Sea,  where  topography  varies

little,  and  euxinic  sediments  are  present  in  isolated
"pods".     Other  regions  in  the  Baltic  Sea  are  closely  similar

to  the  Midcontinent  Pennsylvanian  in  terms  of  its  anoxicity.

The  enrichment  of  trace  metals  in  black  shales  is

variable  in  the  oceans  today  (Holland,1984).     The  variabil-

ity  is  a  result  of  biological  removal  processes  in  shallow

waters,  but  the  release  of  biologically  sequestered  metals

during  organic  matter  oxidation  is  the  cause  for  variability

in  deeper  waters   (Holland,1984).     Therefore,   release  pat-

terns  differ  from  metal  to  metal  and  from  basin  to  basin.
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Table  21.  Mean  concentration  of  trace  elements  in
seawater  as  calulated  by  Holland  (1979) .
Other  references  as  listed.
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P50 Enrichment Factor = P50 (in ppm) / (Measurement Value * (100))
P95 Enrichment Factor = P95 tin ppm) / (Measurement Value * (100))



However,   a  few  metals  behave  consistantly   (i.e. ,   Mo  and  U).

Holland   (1979)   compared  the  mean  concentration  of

trace  metals  in  seawater  (Table  21)  to  various  carbonaceous

deposits.     Using  the  same  method,   calculations  were  made  on

Shanghai-,   Heebner-,   and  Mecca-type  shales  in  this  study

(Table   22).

Based  on  the  calculations,   Shanghai-type  samples  were

rather  depleted  in  important  trace  metals,  with  the  excep-

tion  of  Cr.     Most  elements  plot  well  below  the  enrichment

factor  indicative  of  a  depletion  of  these  metals  in  the
shale  with  respect  to  seawater   (Figure  24).     However,   Cr

plots  near  the  enrichment  f actor  indicating  that  Cr  in  the
black  shales  may  have  originated  from  seawater.

Heebner-type  black  shales  are  depleted  in  Ag,  Au,   and

Mo,  but,   similar  to  Shanghai-type  shales,   show  an  enrichment

in  Cr,   and  to  a  certain  extent  Zn.     Cr,   Zn,  Ni,   and  V  plot

near  the  enrichment  f actor  leading  to  the  conclusion  that
these  elements  originated  from  seawater  (Figure  25).     Howev-

er,  Mo  plots  well  below  the  enrichment  factor  leading  to  the

conclusion  that  the  relative  clef iciency  of  Mo  in  Heebner-

type  shales  is  a  result  of  an  inef f icient  extraction  of  Mo
from  seawater  by  the  black  shales,  or  that  a  lower  Mo  con-

tent  in  Midcontinent  seawater  existed  at  the  time  of  deposi-

tion.     Because  Mo  is  readily  absorbed  by  black  shales   (and

organic  matter)   (Coveney  and  Glascock,1989),   the  latter

explanation  is  more  probable.

180



Table  22.   Summary  of  metal  enrichment  values  for  median
and  95th  percentile  of  7  metals.    Values  are
present  for  Shanghai-type,  Heebner-type,  and
Mecca-type  black  shale  samples  in  this  study.
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Shanghai-type
Element    Highest median of 17     Enrichment      Highest 95th percentile      Enrichment Factor

setsof blackshale          Factor              of l7setsof black               (x 105
Samples (in ppm)               (x log) shale samples (in ppm)

0.3
380
0.2

4
190
180
84

0.08                      0.5
12.7                      590
0.03                      0.5

0. 004                      47
3.2                      210
0.7                    270
0.3                    220

Heebner-type
Element    Highest median of 15      Enrichment      Highest 95th percentile     Enrichment Factor

sets of black shale          Facto_r               of 15 sets of black               (x 1 os)
samples (in ppm)              (x 1 d)              shale samples (in ppm)

0.25                          2
25.2                    990

0. 0006                 0. 006
0. 08                    200

4.5                    460
4. 4                 2400

6                 3400

Mecca-type
Element    Highest median of 17     Enrichment      Highest95th percentile      Enrichment Factor

of 17 sets of black              (x lJ)
shale samples (in ppm)

sets of black shale          Factor
samples (in p in)             (x lrf)

1.1                            8.8

12.2                     564
0.0004                0.004

1.02                    2016
5505

7. 2                  2941
2. 9                 2868



Figure  24.  Plot  of  concentration  in  seawater  (ppb)  versus
concentration  in  shale  (ppm)  for  Shanghai-type
black  shale  samples.    Note  the  relative
depletion  in  most  metals  and  the  position  of
Cr  and  Zn  relative  to  the  enrichment  factor,
indicating  that  Cr  and  Zn  may  have  originated
from    seawater.
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Figure  25.  Plot  of  concentration  in  seawater  (ppb)  versus
concentration  in  shale  (ppm)  for  Heebner-type
black  shale  samples.    Note  the  relative  depletion
in  Mo,  Ag,  and  Au,  but  the  close  proximity  of
Ni,  Cr,  Zn,  and  V  to  the  enrichment  factor
indicating  that  these  metals  may  have  originated
from  seawater.
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Mecca-type  shales  are  enriched  in  Ni,   Cr,   V,   Zn,   and

Mo,   but  depleted  in  Au  and  Ag.     Origin  of  the  metals  is

likely  to  have  been  via  a  complex  interaction  of  shale  with

seawater,  connate  waters,  meteoric  fluids,  and  basinal

brines   (Coveney  and  Glascock,1989).     It  would  indeed  be

unlikely  that  enrichment  in  metals  occurred  from  seawater

alone,   based  on  the  calculations  of  Allen   (1986).     Addition-

ally,   it  would  be  even  more  unlikely  that  deposition  of  the

Mecca  Quarry  Shale  occurred  in  a  4  year  interval  as  proposed

by  Zangerl  and  Richardson   (1963).     An  incredible  change  in

seawater  chemistry  would  have  to  have  occurred  for  this  to

happen.     Figure  26  depicts  a  plot  of  the  relative  enrichment

of  metals  in  Mecca-type  black  shales  in  this  study.

Pennsylvanian  black  shales,  at  various  stages  between

their  deposition  and  today,  have  been  in  contact  with  essen-

tially  three  types  of  genetically  distinct  fluids  (Coveney
and  Glascock,1989).     These  fluids  include:   brackish  sea-

water,  basinal  brines,  and  recent  groundwater  (Coveney  and

Glascock,1989) ,   although  the  proposed  "deeper  water"  Heeb-

ner-type  black  shales  were  in  contact  with  normal  seawater

as  well.     Each  of  these  three  types  of  fluids  may  have  had

the  opportunity  to  add  or  remove  metals  from  the  black

shales   (Coveney  and  Glascock,1989).     A  summary  of  the

complexity  of  determining  black  shale  metal  origins  is

contained  in  Vine  and  Tourtelot   (1970)   in  which  they  pro-

claim  that  enrichment  of  metals  is  cumulative  where  organic
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Figure  26.  Plot  of  concentration  in  seawater  (ppb)  versus
concentration  in  shales  (ppm)  for  Mecca-type
black  shales.     Note  the  abundance  of  Ni,  Cr,  V,
Zn,   and  Mo  in  terms  of  enrichment.
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matter  plays  an  important  role  in  absorbing  metals  f ron

solutions  in  contact  with  it  all  throughout  diagenesis.

They  add,  however,  that  the  timing  of  the  main  period  of

this  sorption  process  is  difficult  to  pinpoint,  but  that  the
late  addition  of  metals  is  likely,  as  pointed  out  by  Coveney

and  Goebel   (1985).     Such  addition  could  occur  from  warm,

migrating  formational  waters  known  to  have  f lowed  through

Midwestern  basins   (Coveney  and  Goebel,1985).     Considering

the  lateral  persistence  of  the  black  shale  units  and  the

dif ferences  in  depositional  settings  across  the  Midconti-
nent,  United  States,   it  is  highly  likely  that  the  metals
within  the  black  shales  have  a  complex  origin.

From  this  study,   it  seems  likely  that,  based  on  the

lateral  heterogeneity  of  the  black  shales  in  terms  of  metal

enrichment,  Midcontinent  metal-rich    black  shales  were

enriched  in  metals  in  several  stages,  including  contact  with

metal-enriched  basinal  brines  at  various  localities.  The

high  molybdenum  content  in  Mecca-type  shales  near  Mecca,

Indiana  ensued  as  a  result  of  acidic  conditions  in  response

to  nearby  swamp  drainage.     Thus,  metals  were  probably  fixed

syngenetically  during  early  diagenesis.     Temporal  and  spa-

tial  relations  suggest  that  the  possibility  exists  such  that
sphalerite  in  some  shales  was  enriched  during  the  early

stages  of  deposition  as  well.     Further  work  on  fluid  inclu-

sions  would  be  helpful  in  determining  the  time  and  tempera-

ture  of  sphalerite  emplacement.     Coveney  et  al.   (1987)   imply
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that  Mecca-type  metal  enrichments  formed  as  a  result  of  a

complex  interaction  between  shale  constituents  and  seawater,

connate  fluids,  basinal  brines,  and  meteoric  waters,  and

rule  out  supergene  enrichment  because  of  "ambiguous  timing".

However,  despite  timing  ambiguities,  metal  associations

between  molybdenum  and  pyrite  in  Mecca-type  samples  suggest

a  possible  role  for  supergene  enrichment,   although  unlikely.

Thus,  a  model  for  syngenetic  metal  emplacement  and  later

basinal  brine  involvement  is  invoked  here  for  the  f ixation

of  metals  in  Mecca-type  shales.

A  further  observation  in  this  study  is  the  correlation
of  DOP  with  metal  enrichment.     DOP  or  degree  of  anoxicity  in

a  given  area  plays  an  insignif icant  role  until  it  reaches
approximately  0.60-0.70.     This  is  the  approximate  boundary

defined  by  Raiswell  et  al.   (1988)   between  dysaerobic  and

inhospitable  bottom-water  oxygenation  conditions.     In  order

for  metal  enrichment  to  occur  in  a  black  shale,  not  only  do

favorable  depositional  conditions  have  to  be  present,  but

significant  quantities  of  metals,  perhaps  more  than  can  be

supplied  by  seawater,  must  be  available  to  be  absorbed  by

abundant  organic  material.    This  may  not  apply  to  all  re-

gions;   the  Henryville  Bed  of  the  New  Albany  Shale  is  a
counterexample.     However,   in  the  Midcontinent  Pennsylvanian,

conditions  f avorable  f or  metal  enrichment  are  a  semieuxinic

to  euxinic  basinal  setting   (DOP  values  between  0.70  and

1.00)   (Figure  27) ,  presence  of  available  metal  constituents
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Figure  27.     Plot  of  DOP  values  for  all  samples  in
this  study.    Mecca-type  samples  have  DOP  values
that  range  from  approximately  0.60  to  0.90,   and
possess  the  greatest  enrichment  of  metals.
Heebner-type  samples  have  DOP  values  that  range
from  approximately  0.20  to  0.70  and  possess
a  moderate  enrichment  of  metals  in  comparison
with  Mecca-type  samples.     Shanghai-type  samples
contain  DOP  values  ranging  from  0.10  to  0.40
and  possess  the  least  enrihment  values  in  terms
of  metal  abundance  as  compared  with  other  black
shale  types.
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in  proximity  to  low  pH  swamps,   and  ample  organic  matter  to

absorb  the  metals.     Phosphatic  nodules  and  laminae  provide  a

good  sink  for  several  elements   (i.e.,   REE)   in  Heebner-type
black  shales  and  framboidal  pyrite  hosts  Mo  in  Mecca-type

shales   (Coveney  and  Glascock,1989).

Proposed  Black  Shale  Model

At  times  of  maximum  transgression  during  the  Pennsylva-

nian,   epeiric  seas  covered  the  Midcontinent.     The  seas

repeatedly  transgressed  and  regressed  over  the  region,

inundating  Midcontinent  peat  swamps  and  depositing  organic-

rich  metalliferous  black  shales.     Desmoinesian  shales,   such

as  the  Mecca  Quarry  Shale  Member,   Holland  Shale  Member,   and

Logan  Quarry  Shale  Member  of  this  study,  were  deposited  in

nearshore  settings  as  indicated  by  their  spatial  orientation
to  deltaic  sequences   (Baird  et  al.,1985)   and  tremendous

quantity  of  terrestrial  organic  constituents  derived  f ron
peat  swamps  and  storm  events   (Coveney  et  al.,1991).     Humic-

type  organic  matter  was  dispersed  by  f reshwater  plumes

migrating  seaward  above  a  halocline   (Coveney  et  al.,1987).

Normal  seawater  concentrated  by  a  nutrient  trap  (Heckel,

1977)   may  have  provided  abundant  phosphatic  material   (in  the

form  of  nodules  and  laminae  in  western  exposures)   and  some

metals  f or  the  sediment  precursors  of  the  Pennsylvanian
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black  shales   (i.e.,   Heebner-type  black  shale  units).     Much

phosphatic  material  however,  may  have  originated  from  plant
debris  as  suggested  by  Coveney  et  al.   (1991).

In  closer  proximity  to  the  shore,  peat  swamp  effluents

induced  a  brackish,  acidic  condition  reflected  in  the

presence  of  marcasite   (Reynolds  and  Goldhaber,1983).     The

pH  conditions  in  this  area  at  this  time  would  have  ap-

proached  5.0  or  below   (Murrowchick  and  Barnes,1986).

Farther  west,  where  conditions  were  less  acidic  and  less

organic  matter  was  present,   smaller  amounts  of  metals  were

fixed  in  the  black  shales,  with  the  exception  of  Zn  and  U,

which  remained  relatively  enriched  because  of  slightly

reducing  conditions.

Thus,   based  on  fluctuations  of  geochemical  parameters

as  discussed  in  this  study,  black  shales  of  the  Midcontinent

Pennsylvanian  show  a  change  in  character  through  the  Middle

(Desmoinesian)   to  Late   (Virgilian)   Pennsylvanian   (Figure  28)

that  can  be  summed  up  in  the  following  series  of  Pennsylva-

nian  geologic  and  geochemical  events:
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Figure  28.  Plots  of  various  geochemical  parameters  in
Midcontinent  Pennsylvanian  black  shales  as
changes  occur  from  middle  to  Late  Pennsylvanian.
Metals  decrease  with  time,  DOP  reflects  a  sharp
increase  in  bottom-water  oxygenation  conditions
with  time,  and  Toe  (amount  of  total  organic
carbon)  decreases  with  time.    HI  represents  the
hydrogen  index  (grams  of  pyrolized  hydrocarbons
divided  by  the  weight  percent  of  TOG).    Rock-Eval
data  from  Coveney  et  al.   (1987),   Schultz   (1990),
and  Schultz  and  Coveney   (in  press) .
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1.   Desmoinesian  black  shales  were  deposited  in  relatively

shallow  water  over  extensive  peat  swamps  which  accommodated

abundant  organic  matter.     Variations  in  Eh  and  pH  caused

geochemical  f luctuations  nearshore  where  a  redox  interface
existed  between  anoxic  bottom-waters  and  oxygen-rich

surface  waters.     Molybdenum  abundances  were  elevated  in

these  deposits  at  this  time  as  a  result  of  swamp  drainage.

Black  shales  that  developed  from  organic-rich  muds  ref lect

repeated  contact  of  organic  matter  with  molybdenum-rich

fluids.     Offshore,   in  somewhat  deeper  water,   Heebner-type

shales  were  deposited,  with  moderately  high  DOP  values  and

metal  values.

2.   The  maximum  depths  of  successive  epeiric  seas  increased

with  time  such  that  Missourian  (Upper  Pennsylvanian)   seas

were  deeper  than  Desmoinesian   (Middle  Pennsylvanian)   seas.

A  uniform  geochemical  condition  existed  offshore  during

the  Missourian  so  that  Heebner-type  shales  were  deposited

more  slowly  and  in  deeper  waters   (Coveney  and  Glascock,

1989).     Metal  values  and  DOP  values  are  moderate  in  these

Missourian  units  compared  to  Desmoinesian  sequences.

3.  A  progressive  ventilation  or  opening  of  the  system  during

the  Virgilian  provided  for  the  continuance  towards  lower

DOP  values  and  a  decline  in  metal  contents  with  time.
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Based  on  results  from  this  study  and  a  compilation  of

other  factors  from  published  work,  it  is  postulated  that
Mecca-type  shales  were  deposited  in  a  nearshore,   shallow

water  setting  where  accumulations  of  organic  material  in

proximity  to  to  redox  interf ace  prompted  the  deposition  of
high  quantities  of  metals   (i.e.,   Mo,   Se,   U,   and  V).     Heebner-

type  shales  were  deposited  in  an  offshore  setting,  during

maximum  transgression,   in  relatively  deep  waters  with  a  slow

rate  of  deposition.     Upwelling  may  have  provided  for  the

accumulation  of  phosphate  nodules  and  laminae  in  these

deposits .
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Chapter  7.  Comparison  of  Hidcontinent  to  Other  Areas

Several  well-studied  black  shale  units  stand  out  as

being  particularly  metal-rich  and  thus  form  a  comparison  to

the  metalliferous  Mecca  Quarry  Shale   (Desmoinesian)   and

semimetalliferous  Upper  Pennsylvanian  black  shales  of  Mid-

continent  North  America   (Schultz,1991).     Among  the  well-

studied  units  are  the  Alum  Shale  of  Scandinavia,   New  Albany

Shale  of  Indiana,   and  several  Cambrian  Chinese  black  shale

units.    These  units  are  important  mainly  because  of  their

enrichment  in  U,   V,   Mo,   Pb,   Cu,   Ni,   and  Zn  contents.

Alun  Shale

The  Alum  Shale  and  its  lateral  equivalents  are  marine

black  shales,  Middle  to  Late  Cambrian  and  Ordovician  in  age,

that  are  famous  for  their  high  carbon  and  uranium  content.

For  the  most  part,   its  outcrop  is  confined  to  Scandinavia

and  was  deposited  on  stable  continental  basement  (Thickpenny

and  Leggett,1987).     The  present-day  outcrop  probably  repre-

sents  much  of  the  original  depositional  area,   but  some  Alum

Shale  equivalents  have  been  thrust  eastward,   implying  an

original  basinal  extension  west  of  the  present-day  Norwegian

coast.     Sediment  thickness  is  approximately  10-20  meters,

although  exposures  of  complete  sections  are  relatively  rare,

especially  to  the  east  (Thickpenny  and  Leggett,1987).
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Mudstones  rich  in  organic  matter   (~20%  TOG)   are  the

dominant  lithotype  with  some  intermittent  concretionary

carbonates   (Thickpenny  and  Leggett,1987).     Local  beds  of

white,  kerogen-free,  biocalcarenite  are  present  that  are

perhaps  storm  deposits   (Bergstrom,1980).     Thus,   deposition
was  below  normal  wave  base,   but  in  water  shallow  enough  for

the  bottom  to  be  stirred  by  major  storms.     The  Alum  Shale

overlies  an  areally  restricted  clastic  sequence  thought  to
have  been  deposited  in  a  rift  basin  (Bjorlykke  and  Englund,

1979),   so  that  the  Alum,   which  covers  a  wider  area  and  lies

directly  on  basement  in  many  sections,  may  represent  the

f irst  stage  of  basin  fill  in  a  cratonic  interior  basin
successor  to  a  rift.

Chemistry  of  the  Alum  Shale  has  been  described  by

Armands   (1972),   Andersson  et  al.(1983),   and  by  Lewan  and

Buchardt  (1989).     Uranium  concentration  is  usually  in  excess

of  loo  ppm,   and  may  reach  400  ppm  in  the  richest  strata.     As

with  other  metalliferous  shales,  a  number  of  other  metals

are  present  in  anomalously  high  concentrations.    Total

organic  carbon   (TOG)   is  also  high,   approaching  20  percent  in

many  of  the  samples   (Lewan  and  Buchardt,1989).     The  high

metal  values  may  be  related  to  the  slow  rate  of  deposition;

Bjorlykke  and  Englund  (1979)   calculated  the  rate  to  be  as

low  as   1  mm/1000  yrs.
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New  Albany  Shale

The  New  Albany  Shale  of  Indiana,   U.S.,   is  late  Devoni-

an-early  Mississippian  in  age  and  is  a  portion  of  an  exten-

sive  sequence  of  organic-rich  shales  within  the  Illinois,

Appalachian,   and  Michigan  Basins.     The  New  Albany  outcrop

occupies  a  semicontinuous  arcuate  band  from  west-central

Indiana  to  south-central  Kentucky.     Underlying  and  overlying

sequences  imply  a  stable,  cratonic-interior  setting  with

epeiric  seas.    Lithology  of  the  shale  sequences  alternates

between  well-laminated  black  shales  and  poorly  laminated

gray  shales,  differences  that  apparently  result  from  changes
in  the  position  of  the  redox  interface  in  the  water  column

(Ettensohn  and  Elam,1985) ,  possibly  related  to  sea-level
changes.    These  shale  units  differ  considerably  in  thickness

ranging  from  15-125  meters   (Hasenmueller  et  al.,1983).

Beier  and  Hayes   (1989)   have  documented  two  types  of

black  shale  within  the  New  Albany  sequence.     The  first  type

has  TOG  values  of  5  to  6  percent,  with  S  about  2  percent,

and  a  good  correlation  between  C  and  S,   passing  through  the

origin  in  a  C  vs.   S  plot.     The  second  type  has  TOG  at  10  to

15  percent,   S  at  2  to  6  percent,  and  a  poor  correlation

between  the  two.     Sulfur  isotopes  are  lighter  in  the  second

type,  with  values  as  low  as  -40  per  nil,  suggestive  of

syngenetic  sulfate  reduction  within  the  water  column.     DOP

averages  about  0.55  in  the  first  type,   0.75  in  the  second,
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conf irming  a  more  anoxic  environment  for  the  deposition  of

the  more  carbon-rich  shales.

Although  metal  enrichment  in  the  sequence  coincides

with  high-organic  content,  the  presence  of  organic  matter

does  not  necessarily  signify  metal  enrichment.     In  the  New

Albany,  the  most  metal-rich  shale  occurs  at  the  top  of  the

Formation  in  the  Henryville  Bed,  which  is  rich  in  organic

matter,   but  the  underlying  Clegg  Creek  Member  possesses  TOG

values  of  10-15  percent,   and  lacks  significant  metal  enrich-

ment  (Shaffer  and  Chen,1981).     Other  units  within  the  shale

sequence  that  are  high  in  TOG  similarly  lack  metal  enrich-

ment,   including  all  those  in  the  Appalachian  Basin,  where

the  rate  of  deposition  seems  to  have  been  greater  than  in

the  Illinois  Basin   (Maynard,1980).     Thus,   it  is  clear,   as

stated  previously  by  Tourtelot  (1979) ,   that  some  process

beyond  organic  matter  accumulation  must  operate  in  order  f or

a  metalliferous  sediment  to  result.

Enriched  metal  values  in  the  Henryville  Bed  as  reported

by  Shaffer  et  al.    (1983),   include  Cu   (1700   ppm),   Mo   (535

ppm),   Ni    (837   ppm),   Pb   (835   ppm),   and  V   (4455   ppm).      One

sample  of  the  Henryville  Bed  contained  Pb  concentrations  in

excess  of  9000  ppm.     TOG  values  averaged  about  24  percent  in

the  samples  studied.
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Chinese  Black  Shales

_I

Lower  Cambrian  black  shales  are  distributed  widely  in

southern  China  and  are  associated  with  argillaceous  and

siliceous  rocks   (Fan  Delian,1983).     The  shales  are  rich  in

organic  matter  and  sulfides,  and  are  black.     Black  shale

units  include  mudstones,  black  argillaceous  siliceous  rocks,

black  cherts,   and  siltstones,  with  TOG  values  ranging  from

about  5  to  15  percent   (Fan  Delian,1983).     The  units  range

from  40  to  50  meters  in  thickness  and  in  places  are  associ-

ated  with  manganese  carbonate  beds   (Fan  Delian,1989).     It

is  thought  that  the  various  black  shales  series  of  China

ref lect  a  euxinic  environment  associated  with  possibly

volcanic-sourced  Mn  and  Ba   (Fan  Delian,   1989;   Wang  Zhong-

cheng  and  Li  Guizhi,   in  press).

Metal  enrichment  values  reported  by  Fan  Delian   (1983)

and  Coveney  and  Nansheng   (1989)   include  the  black  shale  host

and  thin,  cm-scale  bands  of  "polyelement"  sulfide  minerali-

zation  with  up  to  7  percent  Mo,   4  percent  Ni,   2  percent  Zn,

and  nearly  1  ppm  Au.     Fan  Delian   (1983)   suggested  that

submarine  hot  springs  related  to  basement  f aulting  contrib-
uted  metals  to  the  water  column  during  deposition  of  the

sediment.     Coveney  and  Nansheng   (1989),   however,   suggested  a

nonsyngenetic  component  to  the  mineralization  based  on

sulfur  isotope  values  being  heavier  in  the  more  metal-rich

portion  of  the  samples.
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For  the  most  part,   the  Alum  Shale,   New  Albany  Shale,

and  Chinese  Black  Shales  were  deposited  on  stable  continen-

tal  platforms,   far  from  active  plate  margins.     The  Chinese

black  shales  are  a  possible  exception,  but  problems  concern-

ing  their  tectonic  setting  setting  are  far  from  resolved.
All  of  the  shales  seem  to  have  been  deposited  in  relatively

quiet  water,  below  clear-weather  wave  base.     Additionally,
all  are  associated  with  high  values  of  TOG   (Table  23),   but

similar  organic-rich  beds  in  the  same  section  may  lack

metal-enrichment.     In  comparison  with  the  Midcontinent

Pennsylvanian  black  shales  of  this  study,   it  seems  likely

that  the  degree  of  anoxia,  as  reflected  in  the  DOP  value,  is

an  important  control.    An  additional  factor  of  importance

may  be  the  rate  of  deposition,  with  slow  sedimentation  in  a

stable  setting  favoring  extraction  of  metals  from  fluids.
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Table  23.     Surmary  of  various  geochemical  parameters  in
metalliferous  black  shales  around  the  world
(from  Schultz,1991).
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Concentrations of some metals of economic interest
in mctalliferous black shales.

Shale:                Alum          hlan/ Albeliy         Cl)ln®..           Lle¢Ca         H®ebii®r       chmghai

Ag                                       9.00           i.cO
Au                    a.01
Ba              110.00      450.00    1520.00
Co               25.00      244.00           9.00
Cu               110.cO       236.cO       187.00
Mo            340.00      793. 00
Ni              200.00    1050.00
Pb                14.cO      972.00
U               300. 00
V               750.00    4920.00
Zn             130.00    9200.00
DOP              0.78           0.94
Corg            15.50         21.80
St                   7.cO           2.80

1 cO.00
leo.00

12.00
165.00

417.00    2850.00
3350.00

0.82
39.70

3.30
Corgsorganic carton
St=total sulfur
*values in ppm except tor Corg and St, in %

Sources:
Alum: Andersson et al. (1983)
New Albany: F]ipley et al (in press), DOP from Schule (in progress)
Cambrian shales of China Fan Delian (1983)
Mecca Quarry Shale: Coveney and Glascock (1989)
Upper Pennsylvenien black shales: Schtiftz (1990)
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Chapcer  8.  Sumary  and  Conclusions

The  study  of  black  shales  has  been  dif f icult  and  usual-

ly  with  ambiguous  results  until  recently.     Theories  of  black

shale  origin  have  been  limited  to  the  simple  explanation

that  organic-rich  deposits  formed  in  euxinic  settings

(anoxic,  H2S-containing)  under  reducing  conditions.     Recent-
ly,  geochemistry  has  played  an  important  role  in  understand-

ing  the  behavior  of  both  organic  and  inorganic  constituents,

widening  the  scope  of  inf erences  drawn  on  these  enigmatic

units ,
This  study  of  the  Midcontinent  Pennsylvanian  black

shales  has  strived  to  present  new  geochemical  data  for  the

deposits.     Included  in  this  study  are  data  for  separate

species   (organic  C,   acid-soluble  Fe,   and  pyritic  S),  whole-

rock  X-ray  fluorescence   (XRF)   of  major  oxides,   values  for

degree  of  pyritization  (DOP)   (important  for  the  paleoenvi-

ronmental  determination  of  inferred  bottom-water  oxygenation

conditions) ,  X-ray  diffraction  data  (XRD)  characterizing  the

clay  mineralogy  of  the  black  shales,   instrumental  neutron

activation  analyses  (INAA)  providing  a  quantitative  assess-

ment  of  metal  enrichment,  sulfur  isotope  data,  and  a  statis-

tical  analysis  including  correlation  coef f icient  matrices
for  black  shale  groups,  a  stepwise  regression  analysis,  a

discriminant  function  and  canonical  function  analysis,  a

cluster  analysis,  and  a  principal  components  analysis  to

characterize  further  the  black  shale  types  in  the  Midconti-
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nent  Pennsylvanian.

Conclusions  of  this  study  are:

1.   Desmoinesian  black  shales  were  deposited  in  relatively

shallow  water  when  extensive  peat  swamps  accommodated  abun-

dant  organic  matter.    Variations  in  Eh  and  pH  caused  geo-

chemical  f luctuations  nearshore  where  a  redox  interface

existed  between  anoxic  bottom-waters  and  oxygen-rich

surface  waters.     Offshore,   in  somewhat  deeper  water,  Heeb-

ner-type  shales  (i.e,   Stark  Shale  Member) ,  with  relatively

high  DOP  values  and  metal  values,  were  deposited  (Figure

29).

2.   The  maximum  depths  of  successive  epeiric  seas  increased

with  time  such  that  Missourian  (Upper  Pennsylvanian)   seas

were  deeper  than  Desmoinesian   (Middle  Pennsylvanian)   seas.

A  uniform  geochemical  condition  existed  of fshore  during

the  Missourian  so  that  Missourian  Heebner-type  shales  were

deposited  more  slowly  and  in  deeper  waters   (Coveney,

1989).     Metal  values  and  DOP  values  are  moderate  in  these

Missourian  units  compared  to  Desmoinesian  sequences.

3.  A  progressive  ventilation  or  opening  of  the  system  during

the  Virgilian  provided  for  the  continuance  towards  lower

DOP  values  and  a  decline  in  metal  contents.     Sediment

supply  was  either  decreasing  or  was  diverted  elsewhere

during  this  time  interval.
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Figure  29.  Model  for  Midcontinent  Pennsylvanian  black  shale

:::=:t:S:;LIE::em:§eo:::::n::d°:h:°S=::::c:°::
organic  input  fron  above  the  thermocline.
Anoxic-oxic  differentiation  is  gradual.
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4.  Midcontinent  black  shales  can  be  separated  into  at  least

two  and  possibly  three  major  types  based  on  geochemical

and  sedimentological  parameters.    A  statistical  analysis

indicates  that  nearly  94%  of  black  shales  can  be  classi-

f ied  "correctly"  according  to  the  procedures  outlined  in

this  study.

5.  Mecca-type  black  shales  are  characterized  by  greater

than  20%  TOG  (mostly  terrestrial-type) ,  high  metal  con-

tents   (especially  V,   Cr,   Ni,   Mo,   U,   and  Sn),   erratic  and

heavy  b34S  values,   high  DoP  values,   and  an  association

with  underlying  coals  and  siliciclastics.

6.  Heebner-type  black  shales  are  characterized  by  less

than  20%  TOG   (mostly  marine-type  and  phosphatic,   although

somewhat  mixed) ,  moderate  metal  contents,   light,   stable
34S  values,   moderate  DOP  values,   and  an  association  with

phosphatic  nodules  at  the  base  of  the  unit.    A  sedimentary
association  with  siliciclastics  (Missourian)  and  carbon-

ates  (Virgilian)  also  is  evident.

7.  Shanghai-type  deposits  are  characterized  by  less  than

15%  TOG   (mostly  mixed  terrestrial  and  marine  types),   low

metal  contents,   erratic  and  heavyb34S  values,   low  DoP

values,   and  a  mostly  phosphatic  fauna.
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8.  Metal  constituents  in  the  Mecca-type  shales  developed

in  response  to  repeated  contact  of  black  shales  and

organic  matter  with  various  types  of  fluids:  brackish

seawater,  basinal  brines,  and  modern  groundwater.     It  is

probable  that  a  redox  interface  existed  such  that  metals
present  in  f luids  were  attracted  to  the  nearshore  organic
matter  in  Mecca-type   (Desmoinesian)   shales.

9.  A  geochemical  and  tectonic  comparison  can  be  made  be-

tween  the  Pennsylvanian  Midcontinent  black  shales  and

other  well-studied  black  shales,   including:  the  Alum  Shale

of  Scandinavia,   the  New  Albany  Shale  of  Indiana,   and

various  metal-rich  Chinese  shales  of  Cambrian  age.     The

black  shales  were,   so  far  as  can  be  determined  from  the

literature,  deposited  on  stable  continental  platforms.
All  were  deposited  in  quiet  water  below  clear-weather  wave

base,   and  are  associated  with  high  values  of  TOG,   although

similar  organic-rich  beds  in  the  same  section  may  lack

metal  enrichment.     The  degree  of  anoxia  seems  to  be  an

important  control  for  the  black  shale  metal  extraction,
supplemented  by  a  slow  rate  of  sedimentation  in  a  stable

setting.

10.  A  model  for  time-dependent  changes  of  Midcontinent

Pennsylvanian  black  shales  is  of fered  that  shows  a

progressive  ventilation  from  the  Desmoinesian  through  the
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Virgilian  in  the  Midcontinent  such  that  metal  supplies,

DOP  values,   and  TOG  contents  decrease  with  time.

11.   Conditions  favorable  for  metal  enrichment  in  Pennsylva-

nian  black  shales  are:   a  semieuxinic  to  euxinic  basinal

setting,   DOP  values  between  0.70  and  1.00,   the  presence

of  available  metals,  ample  organic  matter  to  absorb  the

metals,   and  a  predominance  of  quiscence  to  promote  metal

fixation.  Phosphatic  nodules  and  laminae  in  Heebner-type

black  shales  provide  a  source  for  elements   (i.e.,   REE),

whereas  pyrite  f ramboids  provide  a  host  f or  Mo  coatings

in  Mecca-type  black  shales.
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Appendix  A.  Whole-rock  XRF  Procedure:  Powder  Mounts



A  method  for  preparing  powder  mounts  for  the  XRF  using
minimal  sample  material   (particularly  valuable  when  using
standards  that  are  in  limited  supply)   with  SPEX  36248  X-
Press ,

1.  Attach  the  base  to  the  die  and  insert  one  of  the  polished
discs  with  the  polished  side  up.

2.  Add  enough  microcrystalline  cellulose  to  fill  approxi-
mately  one-half  of  the  die.     Level  the  cellulose.

3.   Insert  the  die  plunger  (upside-down)  with  the  bevelled
edge  down.

4.  Place  the  die  assembly  in  the  press,  center  it,  tighten
the  press  with  the  hand  screw  (on  top  of  the  press) ,
and  press  the  cellulose  to  no  more  than  two  tons  (the
upside-down  position  with  the  bevelled  edge  of  the
plunger  is  not  designed  for  high  stresses).     To
operate  the  press,  first,  turn  the  handle  on  the  right
side  of  the  press  clockwise  until  snug  (not  too  tight).
This  seals  the  hydraulic  system.     Now  depress  the
switch  at  the  front  of  the  unit  until  the  desired
pressure  is  achieved.    To  release  the  pressure,  turnthe  handle  at  the  right  side  slowly  counter-clock-
wise.     Never  release  pressure  too  quickly.    After
opening  the  pressure  release,  depress  the  front  button
to  lower  the  press.

5.  Release  the  pressure,   remove  the  die  assembly,   and
extract  the  plunger  with  a  slight  twist.    Never  pull
the  plunger  off .    A  cellulose  pellet  with  a  slightly
raised  rim  should  remain.     Get  rid  of  any  loose
cellulose  particles  left,  if  they  are  present.

6.   Insert  the  homemade  plastic  liner  into  the  die  assembly
and  add  enough  sample  so  that  the  surface  area  is
smooth  and  covered,  but  not  too  much  sample  so  that
piles  are  created.     The  smoother  the  sample  area  is,
the  smoother  the  pellet  will  be  without  clumps.    The
sample  should  be  a  fine,   homogeneous  powder  prepared
in  the  shatterbox  or  SPEX  mill   (a  powder  ground  in
the  shatterbox  is  preferred  over  the  SPEX  mill  because
of  its  smaller  grain  size  and  homogeneity).     Make  sure
the  sample  is  level  and  smooth.     Remove  the  plastic
liner,

7.   Insert  the  top  polished  disc,  polished  side  towards  the
sample,  and  the  plunger  with  bevelled  edge  up  this
time.     The  flat  edge  of  the  plunger  should  be  on  top
of  the  sample.



8.  Return  the  die  assembly  to  the  press  and  press  to  the
maximum  load.     The  press  is  pre-set  to  about  20  tons,
so  you  can  press  no  farther  than  that.    Allow  die
assembly  to  remain  under  pressure  for  approximately
30  seconds  to  one  minute.

9.   Slowly  release  the  pressure  as  before   (in  15-20  seconds)
and  remove  the  die  from  the  press.     Remove  the  base
from  the  die,   and  put  the  aluminum  cup  into  the  bottom
of  the  die  assembly.

10.  Invert  the  entire  die  assembly  and  return  it  to  the
press  in  the  upside-down  position.     Use  the  hand  crank
on  top  to  begin  the  extraction  process.    After  turning
the  hand  crank  one  or  two  rotations,  remove  the  die
assembly  and  press  out  the  pellet  and  discs  by  hand
into  the  foam  pad.     The  aluminum  cup  should  be  up  at
this  point  with  the  plunger  f itting  into  the  hole  in
the  foam  pad.    Carefully  extract  pellet  without  jarring
to  avoid  damage  to  the  pellet  and  discs.

Cleanliness:  Before,  during,  and  after  the  process,  keep
all  parts  of  the  assembly  and  press  clean.    Keeping
things  free  of  particles  and  dust  prevents  cross-
contamination  and  minimizes  wear  and  tear  on  the  die
assembly.     Kin-wipes  and  puffs  of  air  do  a  satifactory
job  in  this  respect.    Never  use  water  to  clean  the
parts;  acetone  is  best  for  cleaning.    Store  all  parts
in  a  desiccator.
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Appendix  8.  Geochemical  Standards  for  2RF



GEOCHEMICAL STANDARDS USED FOR XRF (from U.S.G.S.INIST)

sTANDAFms %Si02      %Ti02   %A1203%Fo20€%Mn02 %ngo   %Cao    %Na20  %K20    %P205  %S         Error

49.Coo       o.e7o     12.eao       9.33o      o.o4e       i`55o       1.o4o      o.42o      3.Coo       a.1io       5.31o      a.ooo72

51.1co      o.7co     ie.4co      e.ooo      o.loo      3.iso       1.38o      3.oio      3.72o      a.leo      o.4co        a.i4oee

73.470       0.278     13.BOO       1.89O       a.040       0.280       1.150       4.lan       4.350       0.OcO       0.Oio       O.Oco24

ee.1 5o       1.ooo     1 5.75o       6.85o       o.i2o       1.7oo       1.aeo       2.loo       3.24o       o. i8o       o.oe7        o.ooo58

co.too       0.i4O     1 2.120       6.270       a.320       2.7cO       7.a80       4.340       4.480       a.430       a.Oi 1         a.Oicoi

7o.3so       o.31o     1 4.74o       2.35o       o.oco       o.e8o       2.1 8o       3.Coo       3.5io       o.1 io       o.ooo         o.oiae4

74.1 io       O.2cO     12.e50       2.7cO       O.Oeo       a.080       a.580       2.850       5.loo       O.leo       0.000         O.1 laos

co.ego       1.oso    17.59o      7.23o      a.loo       1.03o      o.5oo       1.47o      3.2eo      o.loo      a.ooo      a.oo37i

65.030       O,e2O     ie.370       4.290       0.000       1.040       3.240       4.2sO       3.e3o       o.2eo       a.OOo         a.oi Sos

82.770       0. 1 1 o       9.goo       O.2cO       0.000       O.OcO       a.740       1.7sO       3.940       0.040       0.000         0.0004e

13.43       1.goo     48.COO       7.140       O.1 io       O.Oa5       0.ico       o.025       0.oe8       a.118       o.eeo       o.39142

42.380       2.3cO     39.210       2.380       0.010       0.190       a,030       0.1sO       1.240       0.140       a.000         0.04045

73.o5o      o.245    1 4.1 co      2.o4o      o.o52      o.2so      o.983      4.84o      4.leo      a.o3e      o.ooo        a.ooi27

48.400       1.i7O     17.Oeo     io.35O       O.167       8.400     12.170       2.leo       a.187       a.134       a.000         a.02502

100.OcO       0.000       a.000       0.000       a.000       a.COO       0.000       0.000       a.COO       a.000       a.000         a.00005

3.71o      o.o22      o.leo    95.5eo      o.2so      a.ico      a.2oo      o.oo3      a.oo3      o.oi 1       a.oo3      o.ooo21

78.o52      o.oo5      a.o4i     21.78e      o.o52      o.o4i       o.o4e      o.ooi       o.col       o.oo4      o.ooi         o.oo344

49.goo       2.ego     13.85O     12.2sO       O.i70       7,3io     11.330       2.290       a.540       0.280       0.oil       O.Ooico

59.6cO       a. ico     18.440       5.2io       0.2ao       O.1 oo       1.090       8.950       4.290       a. leo       a.000         a.00243

67.loo       0.010     17.goo       0.070       0.000       0.000       0.110       2.500     11.800       0.000       a.000      0.000cO

e5.Zoo      a.oo7    2o.5oo      o.oeo      o.ooo      a.o2o      2.i4o      e.23o      5.Zoo      a.o2o      a.ooo        o.ooi 55

4e.ooo      o.58o     1 1.Zoo       5.Coo       a.oi2       a.e4o       o.35o       a.eec       3.soo       o.1 io      2.75o        a.oool5

51.1co      o.7co     ie.4co      e.oeo      a.ioo      3.iso       1.38o       3.oio      3.7so      a.leo      o.4eo      o.12145

ce.sO      0.eco    1 3.7o0      5.22o      o.oco       2.7oo       2.e4o      o.05o      2.82o      o.22o      o.oee        a.o2154

28. coo       0.240       6.4cO       2.980       O.Oa2       4.570       8.320       3.020        1.e3O       0.ZOO       1.5eo         O.2451 5

®

®



)

Appendix  C.  SDO-1  Geochenical  Standard
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*%Fe and %S are measured by XRF
*%Sorg is organic sulfur
* Fe2sol is ferrous iron content
I FeTsol is ferric iron content
*FepY is pyrite iron
* Spy is pyrite sulfur or inorganic sillfur
*DOP is degree of pyritization

* *Sorg measured by sulfide-sulfur determinations
• *%TOC measured by Carbon analyzer
* * Fe2sol and FeTsol measured by colorimetric iron determ.
**FepY=Spy*55.85/64.12
**DOP=FepY/{FepY+FeTsoD
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Appendix  D.  2RF  Data
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ourcF`cp s^MPLEs

gee ffRE - fiEae - - - fine - 9iE2Q§ as -
SH-5 52.37 0.89 17.55 6.27 0.05 2.86 4.47 0.79 3.90 a.38 1.53 91.05
LB-5 50.16 0.85 15.47 6.76 0.03 3.26 2-34 0.61 4.00 0.43 2.50 86.40
HP-3 53.03 0.58 13.69 4.84 0-07 5.39 1 1 .57 0.51 3.50 0.05 0.87 94. 1 0
HP+ 47.15 a.62 12.68 4.30 0.02 2.65 9.46 0.80 3.53 5.80 1.68 88.69
EU-1 60.48 0.89 17.87 6.08 0.04 3.54 2.55 0.73 3.87 0.06 1.24 97.35
EU-2 42.83 0.54 10.43 3.95 0.01 1.27 10.37 0.44 2.78 4.99 1.77 79.39
ST-1 59.96 0.95 18-01 6.77 0.04 4.02 0.92 0.76 4.16 0.09 1.sO 96.98
st-1A 50.67 a.88 13.23 8.29 0.02 2.44 a.66 0.48 3.58 0.12 2.76 83'13
ST-1B 53.42 0.87 14.04 7.92 0.09 2.73 0.37 0-63 3.47 0.11 3.60 87.20
SIT-1C 56'69 0.90 15.47 7.90 0.03 2.86 0.35 0.76 3.63 0.10 3.01 91.69
ST-1D 42.92 0.63 10.98 5.89 0.02 1.82 8.58 0.54 3.00 5.58 3.58 83.55
st-1E 45.83 0.79 11.46 7.87 0.02 2-02 2-74 0.58 8.22 1.62 3.50 79.65
ST-1F 48.31 0.79 12.84 6.87 0.02 2.35 3.4 0.55 3.41 2.20 3.46 84.23
ST-1G 50.86 0.85 14.01 7.80 0.03 2-68 1.43 0.56 3.61 0.75 3.16 85.75
ST- 1 H 43.74 0.64 1 1 . 28 6.44 0.02 1.87 8.13 0.55 3.04 4.77 3.51 84.01
ST-1I 56.05 0.86 16.34 6.66 0.03 2.90 0.84 0.67 4.08 0.35 2.49 91.27
ST-1J 50.64 0.74 13.75 5.72 0.02 2.60 6.31 0.55 3.48 3.43 2.37 89-cO
ST-1K 56-78 0.88 16.64 7.07 0.03 2.98 0.36 0.66 4.14 0.06 2.15 91.73
ST-1L sO.04 0.47 9.78 4.08 0.01 1.47 14.48 0.61 2.67 8.64 2.41 83.61
ST-1M 54.07 0.80 15.48 6.05 0.02 2.71 2-13 0.57 4.02 1.09 1.59 88.54
ST-1N 56.26 0.88 15.81 6.55 0.03 3.06 1.73 0.66 3.82 0.89 2-04 91.71
en-10 42.51 0.cO 10.93 5.27 0.02 1.74 9.00 0.54 3.05 4.87 2.53 81.06
ST-1P §6.29 0.86 16.87 6.08 0.04 3.88 3.46 0.69 4.16 0.37 1,45 94.13
ST-2 50.62 0.55 1 1.71 4.19 0.03 2.95 12.26 0.54 2.87 5.42 1.94 93.05
ST-3 61.07 0.80 16.43 4.49 0.02 2.89 0.58 0.55 4.02 0.12 1.67 92.63
MC-1 55.88 0.70 16.44 4.90 0.05 5.42 9.44 0.65 3.85 0.16 0.77 98.26
MC-2 54.95 0.82 14.70 5.85 0.02 2.66 0.63 0.63 8-68 0.07 1.41 85-42
MC-3 57.81 0.75 16.08 5.45 0.05 4.a2 7.72 0.75 3.74 0.22 0.87 97.74
Avo. 51.80 0.76 14.28 6.08 0.03 2.91 4.87 0.62 3.58 1.88 2-18 89.00

COF]E S"FuS

ue Cbe
0-3.5 56.14 0.70 16.70 4.52 a.01 5.41 9.77 0.64 3.81 0.19 0.57 98.46
3.5-7 59.43 0.79 16.41 5.67 0.05 4.04 6.65 0.85 3.65 0.12 0.79 98.45

Avg. 57.79 0.75 16.56 5.10 0.03 4.73 8.21 0.75 3.73 0.16 0.68 98.46
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Appendix  E.  Organic  Carbon  Heasurement



Elemental  Carbon  Analyzer  Procedures

Samples  were  ground  to  -400  mesh  in  a  shatterbox.
Samples  were  not  sieved  so  as  not  to  exclude  any  minerals  as
a  result  of  preferential  size  variations.    The  Perkin-Elmer
240  Elemental  Analyzer  was  used  for  the  analysis  of  carbon
content.     The  Elemental  analyzer  was  calibrated  using  two
blanks  and  two  standards  of  U.S.   Geological  Survey  geochemi-
cal  standard  SDO-1,  which  contains  10.48%  total  carbon  and
10.13%  total  organic  carbon   (TOG).     Samples  were  then
weighed  to  the  nearest  .001  milligram  using  a  microbalance,
and  immediatly  analyzed  on  the  Perkin-Elmer  Elemental  Ana-
lyzer.    The  calculations  for  total  carbon  are  as  follows:

1.   Standard  sample   (in  mg)   x  0.1048  =  mg  of  C  standard

2.  Mg  of  C  standard  /   (standard  C  reading  in  mv  -blank
reading  in  mv)   =  Kc  value  for  standard  SDO-1

3.   Mg  Of  Csampie  =  Sample  reading   in  mv  x  Kc

4.   Mg  Of  Csampie  /  Sample  in  mg  =  %  total  carbon  in  sample

For  a  determination  of  the  total  organic  carbon  (TOG)
present,   loo  milligram  samples  were  washed  with  4  ml  of
concentrated  Hcl  followed  by  f iltering  and  washing  with
distilled  water.    Filter  paper  collected  the  remaining
meterial  and  was  dried  at  not  more  than  80.   C  overnight  in
an  oven.     These  samples  were  then  analyzed  in  the  Perkin-
Elmer  Elemental  Analyzer  as  in  the  total  carbon  investiga-
tion.    Calculations  for  total  organic  carbon  are  as  follows:

1.   Standard  sample   (in  mg)   x     0.1013  =  mg  of  organic  C  in
SDO-1

2.  Mgr::d:::S!£n£Sr±  £T::t:::::df:=ag3g!L±:t:Xd:r:lank

3.   Mg  of  TOcsampie  =  Sample  reading  in  mv  X  KToc

4.   Mg  Of  TOcsampie  /  Sample   in  mg  =  %TOC   in  sample
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Appendix  F.  Total  Organic  Carbon  Data



SUMMAfiY OF CAPIBON INVESTIGATION
SAMPLE                  %TOTALC        9bc03C      %TOC    96H20
SDO-1  W                                    10.48                            0.35                 10.13               1.31
SDO-1  F3                                       10.48                             0.35                  10.13               1.31

OuTCF`OP SAMPLES
HB-1  W
HB-2 FI
HEL3 W
HBJ F]
QH-1  W
QH-2 PI
QH-3 W
QH+ F]
QH-5 W
QHd F]
LB-1  W
LB-2 F]
LB-3 W
LEW F]
HO-1 W
SH-1  P
SH-2 W
SH-3 FZ
SHJW

11.75
4.09
9.72
8.10

15.07
3.62

16.67
17.62
3.24
7.45

27.22
4.21

23.54
22.36

6.94
6.48
8.10
3.82
6.48

2.95
3.16
7.54
4.52
0.07
2.62
0.30
6.43
2.97
5.17

11.99
4.15
7.42
3.95
4.88
1.74
4.38
1.30
5.08

8.80              1.64
0.93             0. 62
2.18                0.11

3.58              1.06
15.00                1.19

1,00              2.57
16.37              4.09
11.19                 1.37

0.27             0.01
2.28             0. 73

15.23               0.01
0.06             0.59

16.12               0.30
18.41                 1.49
2.06              0.14
4.74             0. 74
3.72             0.03
2. 52             0.03
1.40               0.01

SDO-1  Ft                                     10.48                            0,35                 10.13               1.31
SDO-1  W                                   10.48                            0.35                 10.13              1.31
COF]E SAMPLES
HBC-1  FI
HBC-2 W
HBC-3 P
HBCJ W
HBC-5 F]
HBcto W
HBC-7 F]
QHC-1  W
QHC-2 P
QHC-3 W
QHC4 F3
QHC-5 W
QHcrf F]
QHC-7 W
QHcng P
QHC-9 W
SHC-1  F]
SHC-2 W
SHC-3 F]

7.25
10.52
7.43
3.08
2.16
4.86
9.29
4.59
5.47
2.88
2.49
8.01
4.58
2.88
3.52
5.17
5.95
2.93
6.04

6.66
9.81
6.79
3.07
2.09
3.51
8.97
0.76
1.47
1.68
2.31
7.81
3.62
2.57
3.18
3.95
5.94
2.67
4.88

0.59             0. 54
0.71               0.62
0.64             0.20
0.01               0.03
0.07              0.31
1.35              0.59
0. 32             0. 02
3.83             0.77
4,cO              2.66
1.20              0.50
0.18               0.50
0.20             0. 50
0.96              0.18
0.31               0.22
0.34             0. 60
1.22               1.04
0.01               0.87
0.26             0.47
1.16               0.40

MQSELI  W                              31.48                           1.22                30.26              3.39
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Totalc   C03C %TOCSample
MQSB-1         43.72       4.00
Logan a.        25.22
Holland sh.     29,91
Hesler A1        47.54
Hesler A2       35.62
Hesler A3        31.76
Hesler A4       32.32
Hesler B1        32.49
Hesler 82       35.94

2.29
3.00
3.80
3.21
3.18
2.91
2.92
2.88

Hesler 83        17.03        1.70
HeslerRI       37.18       2.97
Heslerc           7.72       0.85
HeslerD         22.64       2.04
VelpenA          17.06        1.71
VelpenB         12.54        1.27
Velpenc           9.77       1.17

D         31.58        2.53Velpen
vthere Kc ae. for Tctal C=.00420395

and Kb ae. for TOC=.003777382
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Appendix  G.  Sulfide-Sulfur  Determination



Chromium  Reduction  in  Analysis  of  Inorganic  Sulfur

The  proposed  technique  is  used  to  convert  sulfur  com-
pounds   (i.e.,   pyrite)   in  a  shale  sample  to  a  silver  sulfide
precipitate,  which  can  later  be  used  for  sulfur  isotope
analyses .

Initially,  acid  digestion  liberates  acid-soluble  sul-
fide  materials.    The  procedure  then  involves  utilizing  1  to
2  grams  of  shale  sample  in  two  portions.     First,   carbonates
and  acid-soluble  sulfides  are  removed  using  6  N  Hcl   (heated
at  medium  temperature  setting,   just  shy  of  boiling).     Sec-

:3g:¥6 :::I:r::::t::np::it:e::i:3sa:a:ei:u:c:::EI::h::oEy
boiling)   foi  a  minimum  of  2  hours.
into  a  silver  nitrate  solution  and
sulfide  (precipitate).    A  nitrogen
throughout  the  conversion  process.

Chemicals :

c:::e:?:dg::
is  bubbled
silver

atmosphere  is  maintained

®

®

-Ethanol
-6   N  HC|
-Zinc  shot   (Fisher  Chemical   Z-12)

=3g:83i£F:::::i::eT::::e:-:£:iical  c-325 )
¥3e:::¥zed  water

Hardware :
-Stirring  hot  plate  with  stir  bar
-Three  (3)  split  ring  stands
-Finger  clamps  for  ring  stands
-45  micron  f ilter  papers
-Millipore  f iltering  apparatus
-Black  hole  covers  for  f lasks  and  rubber  o-rings

Glassware :
-250  ml  beakers
-Glass  tubing
-Three   (3)   3-way  stopcocks
-Two   (2)   250  ml  condensing  columns  with  stopcocks
-Test  tube  with  outlet  pipe
-Disposable  Pasteur  pipettes
-3-hole  reaction  vessel   (3-necked  flask)

Appararus  Setup :

Assemble  the  apparatus  as  shown  in  the  figure.     It  is  much
easier  and  more  ef f icient  to  use  this  setup  than  suggested
by  Can field,   et  al.   (1986).     Acid  can  easily  be  added  to  the



System,   Crc13  can  be  added  slowly   (a  great  advantage),   and
there  are  no  complications  resulting  from  syringe  usage  as
in  the  technique  offered  by  Can field,   et  al.   (1986).

Solution  Preparation :
5%  AgN03   solution:

:M:::in:u£:N:£e+w:::rm±sd:i:::Z::  :a:::udy  precipitate  will
form,

Chronic  chloride  solution:

:::::§=:::::±€:::::::?: I::i:a:::e::: :::e:h:h:C::o:? ±t
Reduction  of  zinc:

Add  10  ml   6  N  Hcl  +  60  ml  deionized  water  to  10  grams  of

::::t:::t;log:yT°tT::dr:::t:::Liu:: ::::i:::eiorA:: :::s:C:8
minutes  or  until  bubbling  decreases.

Procedure :

I.   Sample  setup

1.   Place  1  to  2  grams  of  sample  material  into  the  reac-
tion  vessel  (add  more  if  the  sample  is  low  in  total
sulfur,  less  if  the  sample  is  high  in  total  sulfur).

2.  Carefully  add  the  stir  bar  into  the  reaction  vessel.
3.  Add  5  ml  of  ethanol  into  the  reaction  vessel.

4.  Make  all  connections  to  the  reaction  vessel.     Double
check  to  be  certain  all  connections  are  tight.

5.  Vessel  must  be  secure  with  good  seals  on  o-rings.

11.   Purging  the  system  of  air

1.  Purge  the  reaction  vessel  of  air  by  slowly  turning  on
the  N2  gas  and  allowing  it  to  permeate  the  system
for  one  minute.

2.  Turn  on  the  hot  plate  to  low-medium  heat,  but  do  not
boil.    Do  not  turn  on  stirring  system  at  this  time.



3.  i::::¥  E£:i:i:£er:::W±:fn:8e::::y?he  Vessel.

4.  Place  the  disposable  pipette  into  the  test  tube  of
3g:Oil

solution  (precipitate  trap).    Again  adjust
ow  rate  of  the  N2  sg  that  one  bubble  per

second  is  being  released  into  the  AgN03  trap.

Ill.  Acid  digestion

1.   Add  25  ml  of  6  N  Hcl  to  the  reaction  vessel  by  turning
the  appropriate  stopcock.    Make  sure  not  to  allow  the
N2  to  escape  by  opening  the  wrong  stopcock.

2.   Turn  on  the  stir  bar  system  to  a  low  speed.

3.  Allow  reaction  to  continue  for  at  least  10  minutes.

4.  Adjust  the  N2  flow  rate  if  necessary.

IV.   Crc13  digestion

1.  While  the  Hcl  digestion  is  occurring,   reduce  the  Crc13

2.   Drain  acid  solution  from  the  zinc  shot  into  a  250  ml
beaker  and  discard.

3.   Slowly  add  the  green  Crc1`  solution  to  the  zinc  shot.
n;I:figBe  careful  when  addi solution  because  the  reac-

tion  is  very  exothermic  and  if  added  too  quickly  will
foam  up  over  the  glassware.     It  is  normal  for  the
glassware  to  be  slightly  warm  after  adding  the  Crc13
solution .

4.  The  solution  is  reduced  when  it  turns  from  the  origi-
nal  green  color  to  a  cobalt  blue  and  the  amount  of
bubbling  decreases.     This  may  take  15-20  minutes.

V.  Precipitate  recovery

1.  ;:;::::::::::::::A;€o:::r£:t:§m§:::::;::::5:i::::rap.

2.  Remove  the  test  tube  and  carefully  filter  the  AgN03
solution  through  the  Millipore  setup.

3.  Dry  the  filtrate  overnight  by  placing  filter  paper
with  precipitate  on  a  petri  dish.     Immediatly  label
the  sample.



4.  Using  the  attached  sulfide-sulfur  measurement  data
chart,  calculate  the  sulfide  weight  percent  in  the
whole  rock.

)

)

)

)

)



SULFIDE-SULFUR  HEASURRENT  DATA  CIIART

Date :

Sample  Number:

Sample  weighing:

1.   Paper  weight:

2.   Paper  +  sample:

3.   Paper  weight   (after  use):

4.   Sample  weight:

Silver  sulfide  weighing:

1.   Filter  paper  weight:

2.   Sulfide  +  paper:

3.   Silver  sulfide  weight:

Sulfide  weight  percent  in  the  whole  rock:

AgN03  Weight   *   12.9381%   /   Sample  weight  =  Sulfide
Weight  Percent

gin      *   12.9381%   /

'

'

Notes/Calculations :



Gezieral  8etxp  for  chroBlta  reductloa  of
red`iced  lBorg&nlc  .ul.fiir  coapotmdr.
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Appendix  H.  Acid-Soluble .Iron  Determination  (Irop)



Colorimetric  Determination  of  Iron  in  Shales

Reagen€s :
-Concentrated  Hcl

-Hydroxyl  amine  solution:   10  gin  in  loo  ml  distilled  water.
Store  in  125  Erlenmeyer  flask.

-Ammonium  acetate  buffer  solution:   dissolve  250  gin  of
ammonium  acetate  in  150  ml  of  distilled  water  and  add
700  ml  of  glacial  acetic  acid.     Store  in  3.8  liter
container .

-Phenanthroline  solution:   dissolve  200  mg   (0.20  gin)   in
100  ml  of  distilled  water  with  two  drops  of  concentrated
Hcl.     Store  in  100  ml  volumetric  flask.

-Stock  iron  solution:   dissolve  108.90  mg   (0.1089  gin)   of
Fes04  in  200  ml  of  distilled  water  to  yield  200  mg/I
iron  concentration.     Store  in  1000  ml  volumetric  flask.

-Working  standards:  dilute  stock  iron  solution  to  1,   2,   4,
and  10  mg/i  concentrations.     Use  0.5  ml,1  ml,   2  ml,   and
5  ml  portions.    Prepare  fresh  daily.     Store  in  separate
100  ml  volumetric  flasks.

-Blank  solutions:  prepare  two  reagent  blanks  that  include
10  ml  of  ammonium  buffer  solution  and  5  ml  of  the  phenan-
throline  solution.     To  QDe  of  the  blanks,   add  1  ml  of
hydroxylamine  solution.     It  will  turn  slightly  orange.
Use  50  ml  volumetric  flasks.

Equipment :

Accurate  balance   (up  to  0.001  gin)
Weighing  paper
125  ml  Erlenmeyer  f lask
10  ml  graduated  cyclinder
Hot  plate
Filter  paper
Funnel
Four   (4)   50  ml  volumetric  flasks
Two   (2)   150  ml  volumetric  flasks
1000  ml  volumetric  f lask
Access  to  a  nearby  sink
loo  ml  volumetric  f lask

®

Wash  bottle
10  ml  pipette
5  ml  pipette
1  ml  pipette
Pipette  bulbs
Ring  stand
Disposable
pipettes

3.81  container
Paper  towels
Spectrophotometer
Distilled  water



Procedure :

1.   Weigh  out  exactly  loo  mg   (0.10  gin)   of  powdered  sample
material.     Transfer  the  sample  to  a  125  ml  Erlenmeyer
flask  and  add  4  ml  of  concentrated  Hcl;   if  the  sample
effervesces  freely,  add  4  additional  ml  of  concentrated
HC|.

2.  Bring  mixture  to  a  boil  on  a  hot  plate  (setting  5  or
medium  high)   and  boil  for  exactlv  one  minute.

3.   Filter  the  mixture  into  a  loo  ml  volumetric  flask,  being
careful  to  thoroughly  wash  the  Erlenmeyer  f lask  and  the
filter  paper.    When  finished,  dilute  the  filtration
solution  to  loo  ml  with  distilled  water.

4.   In  two  50  ml  volumetric  flasks,   add  10  ml  of  ammonium
acetate  solution  and  5  ml  of  phenanthroline  solution
to  each.     Add    1  ml  of  hydroxyl  amine  solution  to  QEe
of  the  flasks.    Add  10  ml  of  the  filtrate  solution  to
each  of  the  two  flasks   (not  the  blanks).     Dilute  to  50  ml
with  distilled  water.    At  this  point,  there  will  be  two
blanks  and  two  sample  solutions.   (four  50  ml  volumetric
flasks  in  all).    Allow  the  color  to  develop  for  at  least
15  minutes  before  measuring  on  the  spectrophotometer.
Shake  the  solutions  a  f ew  times  to  help  with  color  devel-
Opment .

5.  Pipette  each  of  the  four  volumetric  flasks  into  the  four
cells  of  the  spectrophotometer  being  careful  not  to  spill
on  the  cell  walls.    Use  kmi-wipes  to  thoroughly  clean  the
sides  of  the  spectrophotometer  cells.    Use  the  blank
without  the  hydroxyl  amine  in  slot  #1,  the  blank  with  the
hydroxyl  amine  in  slot  #2,  the  sample  filtrate  without
the  hydroxyl  amine  in  slot  #3,  and  the  filtrate  solution
with  the  hydroxyl  amine  in  slot  #4.    Calibrate  the
spectrophotometer  based  on  slot  #1  at  510  u.

6.   Slot  #1  will  provide  a  zero  standard.     Slot  #2  will
furnish  a  dif f erence  between  samples  with  the  hydroxyl
amine  solution  and  without  the  solution  by  taking  the
dif ference  between  the  reading  in  slot  #2  from  the
zero  reading  in  slot  #1.     Slot  #3  will  provide  the  Fe++
and  slot  #4  will  furnish  the  total  acid-soluble  iron.

'

I



7.  The  DOP  is  then  calculated  as  follows:

%Sorg  =   0.20*   x   %ToC

•     =  %Stota|  -  %SorganicSnon-organic

Fepy  =  Spy  x   (55.85/64.12)

DoP  =  Fepy  /   (Fepy  +  FeHci)
*Sorg/TOG  =  0.20   from  Bein,   Almogi-Labin,   and  Sass   (199o)

)
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)
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)
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Appendix  I.  Fe-S-TOG  Data



Desmoinesian Black Shale Samples

S"PLE                %Fct    %&     %SdroToC     Fceeol   Fcteol     FoPY      Spy     cop   E92eg! F®Teol+F®PYsmn/T

F®Teol      %Fct

M ECCA-TYPE SAM PIES

LoganQuarry         12.85    15.cO      0.16    22.93        1.21

Hallnd shale          3.40     2.2o     a.19   26.91       a.e2

MQSEL1                     3.cO      3.cO      0.28    sO.72        0.43

Valp®n^                    3.22      2.co      a.11    15.35       a.27

Velp®nB                     3.95      3.00      o.ce    11.27        a.74

Volp®nc.                  3.76     2.20      o.oe     8.co       0.40

V®lpenD                   11.10      9.70      a.20    29.06        1.07

H®slorA1                    3.86      3.28      0.31    43.74        0.48

H®el®rA2                    3.86      3.28      0.23   32.41        0.57

H®slorA3                   3.e3      2.80      o.20   28.58       0.50

I+®el®rA4                    3.ce      2.cO      a.21    29.41         a.sO

HoslorB1                   3.ae      3.37      o.21    29.57       o.45

H®sl®r82                   3.a8      3.37      o.23   33.oe       a.50

H®8l®r83                    3.85      2.cO      0.11     15.33        a.51

Hosl®r84                   3.75      3.13      o.24   34.21        0.5e

I+®elorc.                   4.sO      3.53      0.05      6.87       a.cO

H®el®rD                     4.7S      4.er      o.14   20.co        0.so

2.36      7.67        8.sO    0.76      a.51

1.io      o.7e        o.®i     o.co      o.52

0.e4      2.00        2.sO    0.76      0.cO

a.7e      1.31         1.51     a.63      a.cO

1.25      1.34         1.54     0.52      0.sO

1.35      a.cO        a.92     0.37      0.sO

3.71      5.75        6.59    a.®1      a.29

0.e2      2.31        2.65    0.79     a.77

a.65     2.33       2.e7    0.78     0.ce

o.e5     2.o8        2.so    o.76     o.78

0,47      1.92        2.20    0.cO      a.81

o.79      1.co        2.oe    o.eo      a.57

0.65      1.87        2.15    a.74      0.77

1.34      1.cO         1.84     a.54      a.38

a.62      1.85        2.12     0.75      0.91

1.co      2.24        2.57    o.58      a.5e

1.5e      1.91         2.19    a.55      025

0.77        a.38

0.57        a.03

o.78        a.oe

0.e4         0.10

0.cO          0.14

a.57          0.11

a.85        0.23

0.76         0.Oe

0.77         0.08

a.75         a.08

o.ee        a.o7

0.78         0.07

0.75        a.07

a.7®          0.12

0.cO         0.06

0.87         a.37

0.73          0.11

^ng.                              4.73      4.1®      O.18    25.15        a.50          1.io      2.aB        2.es    O.ce      0.58                   0.73         0.11

%Fctctctal iron from XF`F

%S*=tctal sulfur from XF]F

%sooapoanic sulfur

•damct®s gray chaJ®

all other samples are black chaloe

data from Schultz and Covenoy (in prose)

%TOcatctaJ organic carbon from C analyz®r

F®2sol=acidcolubl® foTToue iron from oolorimchc dctoTmination

F®tcolatctal acidroolu"® iron from oolorim®tric d®tomination

F®PY=pyrito iron, calculded from Spy-O.e72

Spy=p)rfu sulfur front chromium rodudion mchod

cOF±dogroo Of pyritization

Sore/TcOsO.20 from Boin, Almogi-Labjn. and Sass (19cO)



Missourian BIack Shale Samples

SAMPLE %Fct %St %Sorg  TcO Fe2sol Fctsol FepY Spy pe EQ2st FeTst+Ferry  SpyIT
FeTed 9bFeT

HEEBNEF]-TYPE SAMPLES
EU-1 6.08 1-24 0.03 4.cO 1.67 2.71 0.59 0.68 0.18 0.62 0.54 0.16

EU-2 3.95 1.77 0.20 29.24 0.82 1.08 0.86 0.99 0.44 0.76 0.49 0.03

MC-1 4.90 0.77 0.20 27.89 1.33 2.50 0.72 0.83 0.22 0.53 0.66 0.03
MC-2 5.85 1.41 0.19 26.88 0.89 1.59 0.77 0.88 0.33 0.56 0.40 0.03
MC-3 5.45 0.87 0.17 24-77 1.16 2.99 0.58 0.67 0.16 0.39 0.66 0.03
ST-1. 6.77 1.30 0.04 6-23 1.73 2.73 0.72 0.83 0.21 0.63 0.51 0.13

ST-1A 8.29 2.76 0.14 20.64 1.08 4.26 1.17 1.34 0.22 0.25 0.65 0.06
ST-18 7.92 3.60 0.15 21.76 1.24 3.50 1.75 2.01 0.33 0.35 0.66 0.09
ST-1C 7.90 3.01 0.06 8.70 1.25 4.43 1.44 1.65 0.25 0.28 0.74 0.19

ST-1D 5.89 3.58 0.02 3.44 1.45 3.45 1.54 1.77 0.31 0.42 0.85 0.51

ST-1E 7.87 3.50 0.18 25.36 1.69 3.19 1.47 1.69 0.32 0.53 0.59 0.07
ST-1F 6.87 3.46 0.15 20.75 1.20 3-01 1.49 1.71 0.33 0.40 0.66 0.08
ST-1G* 7.80 3.16 0.02 2.48 1.18 3.43 1.44 1.65 0.sO 0.34 0.62 0.67
ST- 1 H 6.44 3.51 0.14 20.22 1.33 3.12 1.59 1.82 0.34 0.43 0.73 0.09
ST-1I 6.66 2.49 0.07 10.43 1.24 3.83 0.99 1.13 0.20 0.32 0.72 0.11

ST-1J 5.72 2.37 0.10 14.40 1.44 2.78 0.95 1.09 0.25 0.52 0.65 0.08
ST-1K 7.07 2.15 0.07 10.24 0.83 2.96 0.91 1.04 0.23 0.28 0.55 0.10

ST-1L 4.03 2.41 0.13 18.60 1.28 2.26 0.98 1.12 0.30 0.57 0.80 0.06
ST-1M 6.05 1.59 0.11 15.17 1.07 2.50 0.72 0.83 0.22 0.43 0.53 0.05
ST-1N 6.55 2.04 0.09 1 2. 1 7 1.43 3.54 0.85 0.98 0.19 0.40 0.67 0-08

ST-10 5.27 2.53 0.14 20. 1 1 0.96 4.70 0.92 1.06 0.16 0.20 1.07 0.05
ST- 1 P 6.08 1.45 0.07 10.30 1.83 2.56 0.89 1.02 0.26 0.71 0.57 0.10

ST-2 4.19 1.94 0.09 13.08 1.07 1.76 0.86 0.99 0.38 0.61 0.63 0.08
ST-3 4.49 1.67 0.09 12.63 0.52 1.01 0.75 0.86 0.43 0.51 0.39 0.07
HP-3 4.84 0.87 0.ce 8.93 0.39 0.96 0.36 0.41 0.27 0.41 0.27 0.05
HP-4 4.sO 1-68 0.16 23.18 1.16 1.70 0.68 0.78 0.29 0.68 0.55 0.03
Avg. 6.05 2.20 0.11 15.84 1.20 2.79 1.cO 1.15 0.26 0.47 0.62 0.12

%FeT=total iron from XRF
%St=total sulfur from XF`F

%Sorg=organic sulfur
%Tac=tctal organic carbon from C analyzer
Fe2sol=forrous iron content from colorimctric dctermination
Fctsol=acid soluble iron from colorimctric determination
FepY=pyrite iron, calculated by Spy . 0.872
Spy=pyrite sulfur from chromium reduction mcthed

DOP=degreo Of pyritization
Sorg/TCX3=0.20 from Bein, Almogi-Labin, and Sass (1990)

®

®

EU=Eudora
MC=Muneie Creek
ST=Stark
HP=Hushpuckney

•denotes gray shale

all other samples are black shales

data from Schultz and Coveney (in press)



Virgilian Black Shale Samples

Sample                  %Fe           % S         % Song         %TOC           Fe2sol   FeTsol              FepY Efed    FeTnd+FepT  spy/roc
FeTsal              % Fe

H EEBN ER-lYPE SAM PLES
LB1                       6.40         0.88
L82.                   5. 75        trace
L83                      6.08         1.06
LEIA                        6. 87          0. 67
L85                     6. 76        2. 50
QH1                        5.04          1.61
QH2.                    5.31          0.01
Q113                      4. 86         0. 86
Ql+4                     4. 99         0. 78
Ql-15 *                    6. 43         trace
QH6                    5. 87        0. 05
QHC-1                 4.44          1.91
OuC-2              4.67
QHC-3               3. 27
OuC-4.            2.72
QHC-5 I              1.77
Onc-6*
QHC-7,
QHC-8*
Onc-9,
HBI
HB-2,
H83
HEIA

HBC-1 *
HBC-2,
HBC-3,
HBC-4,
HBC-5,

0.16              0.00
0.22              0.cO
0.20             0.00
0.13               0.cO
0.08              0.cO

HBC-6*                1.51          0.73               0.01
HBC-7.              0.58         0.13             0.00

1.75
2.61
1.28
2.09
1.72

0.73

1.44
1.09
1.32
1.56

0.50
0.50
0.47
0.48
0.40

1.35            0.25            0.50

0.21
0.27
0.27
0.19
0.15
0.56

0.32            0.09            0.28            0.11            0.13            0.29           0.32

0.34
0.27             1.136
0. 80           0. 534
0.94           0.399

Avg.                       4.10         0.95              0.03              4.71            0.51

®

1.18           0.80           0.88           0.35            0.47                     0.58            1.068
SHANGHAI-lYPE SAMIELES
SH1                         6.13          1.44
SH2                      6.10         0.05
SH3*                    6.54         0.03
SH4                     4. 44         0. 47
SH5                     6. 27
SHC-1 *               2.43
SHC-2.             3.07
SHC-3.             3.07
H01                     5.22         0.04 0.01

4.74           0.98
3. 72           0.55
2. 52           0. 96

2. 06           0. 44

1.45             1.23
1.93           0.02
2.47            0.01
1.58            0.40
1.35            1.27            0.86
0.75            0.71             0.81
1.03           0.54           0.62
0.82           0.72           0.82

0. 67                   0.44          0. 297
0. 29                    0. 33           0. 006
0.39                    0.39           0.005
0.65                    0.45           0.329
0. 43                    0. 42           0. 083
0.50                     0.61
0. 54                    0.52           2. 378
0.51                       0.51            0.709

1.96            0.02            0.03            0.01            0.23                     0.39           0.012
Avg.                      4.81         0.65              0.02             2.92           0.65            1.48           0.55           0.56           0.27           0.47                     0.45           0.424
` .Sorg/TOC=O.20 from Bein, A]mogi-Labin, and Sass (1990)

%TCX=% total organic cart)on
Fe2sol=ferrous iron content

(data from Schultz and Coveney, in press)

•denctes gray shale

all other samples are black shales

FeTsol=feTric iron content
FeFry=pyritic iron
Spy=pyrite sulfur



SAMPLE      %Fet %St   %Sorg   TctalcTOC    Cnon-org snon-org Fe2sol Fetsol  FepY    Spy  C/Sratio rm

SH-5              6.27    1.53   0.0727     15.33   10.38
LB-5              6.76   2.50   0.1297    22.36   18.53
HP-3             4.84   0.87   0.0625    15.34     8.93
HP-4              4.sO    1.68   0.1623    28.68   23.18
EU-1               6.08   1.24    0.0301        7.34     4.sO
EU-2              3.95   1.77   0.2047    37.33   29.24
ST-1               6.77   1.cO   0.0436       7.85      6.23
ST-1A            8.29   2.76   0.1444    21.25   20.64
ST-1B            7.92   3.60   0.1523    22.01    21.76

ST-1C           7.90   3.01    0.0609      8.95     8.70
ST-1D           5.89   3.58   0.0241       7.34     3.44
ST-1E            7.87   3.50   0.1775    27.14   25.36
ST-1F            6.87   3.46   0.1453    22.88   20.75
ST-1G            7.80   3.16   0.0174       5.22     2.48
ST-1H            6.44    3.51    0.1415     27.18   20.22

ST-11              6.66   2.49    0.07sO     11.88    10.43

ST-1J            5.72   2.37   0.1008    20.56   14.40
ST-1K            7.07   2.15    0.0717     11.34    10.24

ST-1L            4.03   2.41    0.1302    28.45   18.60
ST-1M            6.05    1.59    0.1062     17.94    15.17

ST-1N            6.55   2.04   0.0852     14.22   12.17

ST-10           5.27   2.53   0.1408    28.44   20.11
ST-1P            6.08    1.45    0.0721     12.45    10.sO

ST-2               4.19   1.94   0.0916    22.58   13.08
ST-3              4.49   1.67   0.0884    13.02   12.63
MC-1              4.90   0.77   0.1952    35.89   27.89
MC-2              5.85    1.41    0.1882    28.93   26.88
MC-3             5.45   0.87   0.1734    31.99   24.77

4.95          1.457

3. 83         2. 370
6. 41           0. 808
5.50           1.518

3.04          1.209
8.09          1.975
1.62           1.256

0.61          2.904

0. 25         3. 448
0. 25         2. 949
3. 90         3. 556
1.78          3.323

2.13           3.315

2.74          3.143

6. 96         3.368
1.45           2.417

6.16          2.269
1.10           2.078

9. 85         2. 280
2.77          1.484
2.05          1.955

8. 33         2. 389
2.15           1.378

9.50          1.848
0.39          1.582
8. 00         0.575
2.05          1.600
7.22         0.697

%FeT=tctal iron from XF`F

%St=total sulfur from XF)F
%Sorg=organic sulfur
%TcO=total organic carbon from C analyzor
Cnon-org=non-organic carbon ITctal C - TOG)
Snon-org-non-organic sulfur (%St - Sorg)
Fe2sol=ferrous iron content from colorimctric determination
Fctsol=acid soluble iron from colorimetric determination
FeFry=pyrite iron

Spy=pyrite sulfur from chromium reduction mctliod
cOP=degree of pyritization
Sorg/TCX=0.20 from Bein, Almogi-Labin, and Sass (1990)

HP-Hushpuckney
SH=Shanghai Creek
erGstark
EU=Eudora
LEkLarshreurroak
MC=Muncie Creek

®

®
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Appendix  I.  IRAA  ( InsErunencal  Neutron  Ac€iva±ion Analyses)
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Member
Lcx:ation
Bed
Thickness

Hoebn®r
Shale
HB-1

Shanghai Ck
Shale
SH-1

Srianghai Ck.
Shale
SH-2

Larshfl3urroak
Shale
LB-3

Larshreurrcak
Shale
LBJ

Queen Hill
Shale
QH-1

Queen Hill
Shale
QH-3

Elom®nt Concentrations:
Boron ®pm)
Sodium (%)
Magnesium (%)
Aluminum (%)
Silieon (%)
Phosphorus (%)
Sulfur (%)
Beryllium ®pm)
Pctassjum (%)
Cielcium (%)
Scandium ®pm)
Titanium (%)
Vanadium ®pm)
Chromium ®pm)
Manganes ®pm)
Iron (%)
Tin ®pm)
Nickel ®pm)
Zinc ®pm)
Cfroalt ®pm)
Arsenie ®pm)
Selenium ®pm)
Bromino ®pm)
l]ubidium®pm)
Strontium ®pm)
Molybdenum ®pm
Sjlvor ®pm)
Cadmium ®pm)
COppor ®pm)
Cedum ®pm)
Barium®pm)
Lanthanum ®pm)
Ouium®pm)
Noodymium ®pm)
Samarium ®pm)
Europium ®pm)
Lcad ®pm)
Terbium ®pm)
Niobium ®pm)
Yttotoium ®pm)
Scandium ®6m)
Hafnium ®pm)
Tantalum ®pm)
Tunoston ®pm)
Iridium ®pb)
Gold ®pb)
Thorium ®pm)
Uranium ®pm)
Z]rconium ®pm)

5.54
2.10

190.00
84.00
19.00
26.00
10.00
4.00

180.cO
170.00a
<0.5

1.10

210.00
220.cO

11.cO

9.00
<3

3-00
190.cO
150.cO

5.00

140.00
0.50
2.11

14.30
39.cO

0.20
1.06
6.00
3.44
0.82

15.cO
0.67

24cO.00
870.00

0,04
5.01

11.00

470.00
1900.00

16.00
18.00
65.cO

5.00
170.00
120.00
76.cO

cO.5
140.00
110.00

8.00
380.00

32.50
51.00
23.00

3.00
0.70

loo.00
0.50

<10
2.10

15.cO

140.cO
0.50
1.97

14.60
40.40

1.59
0.67
5.00
3.13
3.29

14.10

0.64
11 cO.cO

790.00
0.03
5.49
6.cO

460.00
3400.cO

22.00
15.00
98.cO
4.00

140.00
220.00

35.cO
1.00

58.00
130.cO

7.00
360.00

53.10
108.00
63.cO
10.00
2.30

160.00
1.30

20.00

140.cO
0.45
2-27

12.70
41.80

2.20
1.61

5.00
2.94
2.42

11.80

0.59
1 1 00. cO

910.cO
0.04
4.06
8.10

330.cO
18cO.cO

12.cO
13.00
30.cO

6.cO
150.cO
loo.cO
83.00

1.50
48.00
73.cO

6.cO
370.00

26.10
48.00
21.00

3.90
0.70

52.00
0.50

10.00
2.00

11.80

120.cO
0.55
1.85

12.30
40.80

1.cO

0.84
4.00
2.75
4.09

12.70
0.61

6cO.00
890.00

0.03
3.94
2-90

260.cO
830.00

17.00
9.00

19.00
4.00

130.00
190.00

13.cO
1.00

31.00
74.00

7.00
4cO.00

38.20
57.00
26.cO

5.60
1.20

48.00
0.70

10.00
2.50

1 2. 70



Queco Hill
QH-3

Quaco Hill
QH-1

Shanghai Ck
Core
SHC-3

Shanohal Ck
Ouo
SHC-2

Heebner Core
HBC-6

Quen Hill
Ou®
QHC-2

Quen Hill
Core
QHC-1

Monber
Location

Concontrations=EI®mont

Boron ®pm)
Sodium (%)
Maqnesjum (%)
Aluminum (%)
SIIicon (%)
Phosphous (%)
Sulfur (%)
Belylium ®pm)
Potasium (%)
Cacium (%)
Scandium ®pm)
Titanium (%)
Vanadium ®pm)
Chromium ®pm)
Manganese ®pm)
Iron (%)
Tin ®pm)
Nickel ®pm)
Zinc ®pm)
Cobalt ®pm)
Arsenic ®pm)
Selenium ®pm)
Bromino ®pm)
F]ubidium®pm)
Strontium ®pm)
Molybdenum ®pm
Silver ®pm)
Cadmium ®pm)
Copper ®pm)
Ctsium ®pm)
Barium®pm)
Lantlianum ®pm)
Cerium®pm)
Neodymium ®pm)
Sanarium ®pm)
Europium ®pm)
Lead ®pm)
Terbium ®pm)
Niobium ®pm)
Yttorbium ®pm)
Scandium ®pm)
Hafnium ®pm)
Tantalum ®pm)
Tungsten ®pm)
lridium ®pb)
Gold ®pb)
Thorium ®pm)
uranium ®pm)
Zirconium ®pm)



LCX}A||ON:

Jackson Cry., MO
31st St.
Hushpuckney Sh.
HP-1

Jacksun Cty., MO
Unity Villaoo
Huslipuckney Sh.
< 36 cm HP-2

Jackan Cty., MO
Unity Villaoo
HushptJckney Sh.
< 41 cm HP-2A

mglas Cty., lee
Clinton Lake
Heebner Sh.
39 cm HB-5

ELEMENT Cbeemrations
Ekxon giv)
Sodium (ppm)
Maoiiof urn (tt)
Aluminum (%)
Stu (%)F-e(%)
solfu, (%)
Chlorine giv)
Ptndum (%)
COuum (%)
-umOpm)
Titanium (%)
vndjum fro)
Chromium Opm)
LAangae- giv)
I,On (%)
Qrmgiv)
Nickel giv)
Zinc ®pm)
GalllLim fro)
Jtwrmic (Ppm)
-ium fro)
Efroine giv)
Ffubidlum ®pm)
trorfum (ppm)
whybdonum fro
Silver Opm)
cadmium fro)
Andrvrmy (ppm)
Ouum (ppln)
Edrum giv)
Lmonum fro)
Cwhm (ppm)
Nedymium fro)
Sandun (ppm}
fuxpium fro)
Gedinfum fro)
Tedum giv)
DyqulJm (Ppm)
vtenum fro)
Lutediim giv)
Hafriium giv)
TantaJum (ppm)
Tunocton Opm)
lriditJm giv)
Gold give)
Ttwhum fro)
Uranium (ppm)



Monb®,
Ledon

El®mont      Conoentretion:

Einon Opm)
Sodium (%)
Maon®eium (%)
Aluminum (%)
Silicon (%)
Phoephou8 (%)
B®ryllium Opm)
Poneeium (%)
Calcium (%)
frodjum ®pm)
Titanium (9b)
Vanadium Opm)
Chromium (ppm)
Manqan®co (ppm. %
I,On (%)

Qun Opm)
Nickel 0pm)
Zinc (ppm)
copper (ppm)
Ar8®nic Opm)
S®'®nium (ppm)
Bronin® (ppm)
Ffubidium(ppm)
soontium fro)
Molytrd®num Opm)
shor from)
Cadmium (ppm)
T'n ®pm)
C®eilJm (Ppm)
Efarium(ppm)
Lwhanum (ppm)
ceriunwh)
Nedymium (ppm)
sthchum fro)
Europium (ppm)
Gonanium fro)
Gadolin [um (ppm)
Yttertium Opm)
Lutctium (ppm)
H®thium ®pm)
Tantllum (ppm)
Tunoct®n (ppm)
lridium Opb)
Gold (ppb)
Thorium (ppm)
Urmium (ppm)



)

)

)

)

)

)

Appendix  K.  Rare  Earth  Element  (REE)  Data



P^^S            N^se            Any.11..bnoi (n=22)    ^vg. Ll®cca (n-17)    ^ng. Changr`ai (nrty

38.00    32.00                36.29
80.00    73.00                60.29

8.90       7.90                   7.17
32.00    33.00                29.81
18.80     19.35                  17.43

5.60       5.70                   5.05
1.10         1.24                        1.16

4.70      5.20                   2.99
0.77      0.85                  0.85
4.40      5.80                  6. 90
1.cO        1.04                      1.02
2.90      3.40                  3.00
0.40      0.50                  0.43
2.80       3.10                    2.56
0.43       0.48                  0.43
0.65       0.70                   0.91

37.42    25.31
68.39    47.22

9.32       5.16
46.02    18.62
28.48     11.06
10.94       3.50

1.98       0.83
9.02      2.26
1.45       0.30
7.24      3.48
1.02       0.77
2.99      2.24
0.43      0.32
3.71         1.61

0.56       0.23
0.61        0.90

F`EE in NASC and PA^S compared with Pennsylvanian black shales
of this study.  Values in ppm.  PAAS and NASC values from
Taylor and MCLennan (1985).  Eu/Eu* defined as:
Eu/I(SmxGd)]1/2 where all values are chondrite-normalized.

(from Schultz and CChronoy, in press)



)

)

)

)

)

)

Appendix  L.  X-ray  Diffraction  (}mD) :  Samples  and Representative
DiffracEograms



XRD Samples
File                SAM PLE        FFIACTION
F]BS001           LB -5
F`BScO2          EU -2
F]BS003          MC-3
RBS004         H P-4
F]BS005          H B -5
RBS006          QH -1
F]BScO7          ST-1
RBS008          SH-1
F`BS009          SH -5
RBS010          HO-1
RBS011           VELPEN B
F`BS012           HESLEF` AI
RBS013          HESLEF` BI
RBsoi 4         HorLAN D
F]BS015           LOGAN Q.
nBsoi 6         HESLER Bi
F`BS017           VELPEN B
F`BS018           HO-1
RBS019           LOGAN Q.
F`BS020          SH -1
RBS021           EU-2
F}BS022          MC-3
F`BS023          HP-4
F}BS024          SH -5
RBS025          H OLLAND
RBS026          QH -1
RBS027          ST-1
F]BS028           H ESLEF] A 1
F]BS029          H B -5
RBS030          LOGAN Q.
F]BS031           VELPEN B
Fmso32         SH -1
RBS033         H P-4
PIBS034          ST-1
F]BS035          MC-3
RBS036          EU -2
F`BS037          QH -1
FIBS038          LB-5
F`BS039          HO-1
F`BS040           HOLLAN D
F]BS041            HESLEF] BI
RBS042         SH -5
RBS043          Ou-1
F]BSOu         EU -2
F`BS045          HO-1
RBS046         ST-1
PIBS047          H P-4
F]BS048           HOLLAN D
F)BS049          MC-3
RBS050         SH -5
RBS051          MC-3
F`BS052          MC-3
F)BS053          MC-3

®



Key Peaks on XF3D Trace
File           2Theta       D-spacing    lnte •1(%)       lnteg.I Maxl     FWHM

RBS016

F3BS009

F3BS003

8.785         10.0567
9. 362           9.4383

12.362            7.1539
17.785           4.9830
20. 844           4. 2579
26. 677           3. 3387

8.261          10.6935
11.935            7.4090
17.245            5.1377
19.270           4.6022
20.400           4. 3497
21.548            4.1205
26. 203           3. 3980
27.480           3.2430
28. 971            3.0793
34.289            2.6130
34.519            2.5961
36.119            2.4847
39.089           2.3019
42.029           2.1480
49.771             1.8304

8. 779         10.0645
12. 277           7.2032
19.521            4.5435
19. 754           4.4904
20.834           4. 2600
25.175           3.5345
25.369           3. 5078
26.615           3.3463
27.819           3.2042
29.420           3.0334
30.681             2.9115
33. 040           2.7088
34.585           2.5913
34.719            2.5816
36.019            2.4913
36.518           2.4584
39.444           2. 2825
40.233          2, 2396
40.901            2. 2045
42.427           2.1287
43.204           2. 0922
44.669           2.0269
45.768           1.9808

loo.0         2538
50.1            1273

7.8              198
1.1                   28

5.3              135
18.8             477
11.5              247
10.6             227

7.3             156
15.2             326
17.4             375

7.2              155
100.0           2148

15.1               325
10.5             225
20.3            436
13.4             287
12.2              261

7.2              155
14.3             307

8.2              175
3.2               151
0.7              34
3.1               147
6.5            307

18.2             852
5.6             261
4.0             189

100.0          4688
4.8            226

24.8           1163
26.0           1219

2.9             137
7.3             341
3.3              153
4.2             197
5.8            274

10.1               472
2.6             122
8. 3            388
7. 8            365
2.4               115
2.2             105
2.3               110

242      0. 523
84      0. 754
38      0.260
30      0.047
44       0.152
98      0. 244
74       0.168
80      0.142
27      0. 290
69      0.235
69       0.271
33      0. 239

412      0.260
47      0.343
55      0.206
54      0.402
50      0. 288
48      0. 273
22      0. 348
37      0.419
40      0.220
43      0.177
21       0. 083
47      0.155
64       0.241

196       0.217
52      0.249
48       0.196

1360       0.172
61        0.184

301        0.193
229      0. 267

37       0.187
64      0.267
69        0.111
58       0.171
89       0.154

128       0.184
32       0.189
67       0.291
77      0. 238
35       0.162
35       0.151
46      0.120



Key Peaks on XRD Trace
File           2Theta       D-spacing lnteg.I(%)      Integ.I       Maxl     FWHM

F}BSO17

F3BS004

PBSO01

'

8.647          10.2174
12.299            7.1905
8.355         10.5742

12.008           7.3640
19.339            4.5858
20.428           4. 3437
25.402           3. 5034
26.213           3.3968
27.475           3. 2435
28.098            3.1731
30.425           2.9355
31.527           2.8353
32. 692           2. 7368
33. 685           2. 6585
36.158            2.4821
38.943           2.3107
39.673           2.2699
40.668           2.2166
42.021             2.1483
46,482           1.9520
47.154            1.9258
49.171              1.8513
49.774           1.8303

8.714          10.1383
11.543            7.6596
12.332             7.1711
17. 620           5.0292
19.678           4.5077
20. 744          4.2783
25.174           3.5346
26.557           3. 3536
27.811             3.2051
29.016           3.0747
29. 837           2.9920
30. 891            2. 8922
31.969            2.7971
34.811             2.5750
36.470            2.4616
37.454           2. 3991
39. 396           2. 2852
40.198            2.2415
42.393           2.1303
44. 601            2. 0299
48.317             1.8821

loo.0             251
49.7             125
16.6             278
3.7              62

17.8             298
21.0              351
13.4             225

loo.0          1672
12.8              215

8.9              150
21.3             356
75.2          1258
37. 5            627
10.6              177

8.6             144
4.1                 68

17.3             289
7.1                 118

22. 2             371
12.2             205
19.6             329
14.7             247
10.4              175

9.9             441
7.6            338
9.5            426
8.8            393

21.6             965
23.4          1047
12.9             576

loo.0         4476
8.7            390
7.3            327
7.1               317

12.2             546
3.6              162

32.6          1458
7.6             341
4.6            207
5.0            223
6.5             291
5. 5            247
3.5              159
3.2             145



Peaks on XPD Trace
2Theta       D-spacing    lnteg. I(%)     lnte .I       Maxl     FWHM

F3BS025

PBS014

RBS013

8. 762         10.0829
12.353            7.1593
2.877        30. 6848
8.726         10.1254

12.334            7.1699
17.769           4.9873
19.745           4.4924
20.806           4.2657
21.988           4.0390
26.598           3.3484
28.532           3.1258
31.897           2.8033
33.OsO           2. 7097
34.135           2.6244
34.849           2. 5723
39.460           2.2816
40.747           2.2125
42.412           2.1294
45.783            1.9802
47.444            1.9147

3.447         25. 6094
8.712          10.1413

12.323            7.1767
17.599            5.0351
19.634            4.5177
19.712            4.4999
20.823           4.2623
24.854           3.5794
26.612           3.3467
27.905           3.1946
28.523           3.1267
33.023           2.7102
34.494           2,5979
34.619           2.5888
36.519            2.4583
37. 056           2. 4240
39.407           2.2846
40.748           2.2124
42.444           2.1279
47.429            1.9152

loo.0          1757
9.4             165

12.3             349
16.0             453
12.3             349

5.7              162
16.9             480
12.8             364

158       0.557
54      0.154
67      0.262
55       0.415
52      0.336
26      0. 305
75       0. 321

102       0.179
3.4               96          36      0.134

100.0          2842
6.7             190

28.9            822
17.5             497

2.1                   61

9.9
5.3
5.8
6.8
4.3
6.5
2.1

10.7
5.6
2.5
6.2
4.9

81

710      0.200
42      0.226
96      0.429
91       0. 272
20       0.152
41       0.342

51           44       0.172
65          42      0.197
93          55      0.176
23           33       0.186
83          35      0. 262
60           18       0.163
06          92      0.167
60           38       0.211
71           39      0.092

177          43      0.207
140

12.3             353
5.4             154

loo.0         2868
3.6             102

11.6              334
15.6             447

5.7             162
2.6              74
6.7             193

10.6             305
3.2                91
9.7            278
5.3             152
8.7            250

71       0.098
108       0.163
60       0.129

772      0.186
49      0.105

108       0.155
142       0.157
37      0.219
35      0.107
51        0.188
81        0.187
33      0.140
63       0.221
45      0.170
68      0.184



Key Peaks on XF]D Trace
2Theta       D-spacin Integ.I       Maxl     FWHM

F]BS022

RBS023

6.111           14.4504
8.578         10.2992

12.276           7.2037
17.621             5.0289
20.714           4.2845
24.998           3. 5590
26.655           3.3414
45.330           1.9989

2. 732        32.3077
8.664         10.1976

10.732           8.2368
12.225           7.2335
20.687           4. 2899
21.730           4.0863
26.516           3.3587
31.819            2.8100
33.006            2.7116
33.982           2.6359
39.942           2. 2552
46.962           1.9332

PBS016          8.728         10.1230
9.440          9.3607

12.362            7.1539
20. 844          4.2579
26. 677          3.3387

F]BS024

RBS034

6.056         14.5806
8.669         10.1909

12. 224           7.2345
17.591            5.0374
24. 756           3.5933
26.518           3.3584
4.303        20.5184
6.080         14.5249
8.607         10.2641

12.323            7.1764
17.655            5.0193
18.655           4.7500
19.675           4.5083
20. 736           4. 2799
25.085           3.5469
26. 569           3.3521
29.810           2.9946
34. 875           2. 5704
45.374            1.9971

0.3             123
1 cO.0         38211

6.7          2552
4.6           1752
0.1                44
2.6          1009

17.9          6855
5.1            1942

11.4               145
loo.0          1276

12.6              160
5.7               72
9.9             126

14.4              184
28.1              359
26.8             341
34.6             441
15.0               191
11.5               147

9.0               114
100.0            624

9.1                 57
31.7              198
21.6              165
76.3           477
15.9              231

1 cO.0           1447
58.8             851
21.1              305
17.5             254
48.9            707

3.4            675
5.5           1098

loo.0        19800
13.1           2598

6.8          1343
2.1               421
0.8             152
4.5            892
6.5           1281

33.2          6581
2. 3            452
2.8             551
6.8          1352

166      0.037
1107       1.726
277      0.461
169       0.518
77      0.029
89      0.565

390      0. 879
97      0.998
34      0.217

133      0.478
35      0.228
36      0.102
44      0.144
35      0.263
64      0.280
02      0.167
30       0.169
29       0.331
33      0.224
31        0.187

164       0.190
52      0.055
38      0.260
44      0.152
98      0.244
65       0.178

244      0. 297
124      0.342
41       0.368
47      0.272

111        0.320
110       0.307
93      0.592

806      1.228
283      0.458
158      0.425

cO       0.351
70      0.log

200      0.223
145       0.441

1091       0.302
73       0.310
38       0. 721

103      0.653



Peaks on XPD Trace
2Theta       D-spacing    lnte .I(%)      lnteg.I       Maxl     FWHM

F]BS035

F3BS032

F]BS031

6.261           14.1040
8.756         10.0909

12.544           7.0505
17.862            4.9615
18.800            4.7161
25.230           3. 5268
26.981             3.3018
45.545            1.9899

3.012         29.3088
4.039         21.8554
4.638         19.0348
8.906           9.9207

12.444            7.1069
26.715           3.3340

8.825          10.0121

®

12.351             7.1602
20.037           4.4276
20.994           4.2280
26. 770           3. 3274
28.050            3.1784
33,171            2.6984
36. 681            2.4479
40.433           2. 2289
42.566            2.1221

F]BS030        11.505            7.6850
20.641            4.2994

F]BS049          8.756         10.0908
12.439            7.1098
17.802           4.9782
25.084           3.5471
26.846            3.3181
45.442           1.9942

0.2              82
100.0        41601

6.2          2591
7. 0          2931
0.5             197
2.1              880

17.4          7259
4.0          1684

90.7          1065
100.0           1175

51.6             606
2.3               27

18.6              219
15.2              178
69.5          2681

5.0             193
4.6             176

14.8              571
100.0          3858

4.7             180
6.4            247
6. 5            250
3.0              116
4.7               181

1 cO.0             505
83.6            423

1 cO.0          8609
13.3            1142
16.6           1432
4.8             417

42.9         3696
11.7           1007

145      0.028
1410       1.475
233      0.557
167      0.876
86       0.114
89      0.495

346       1.050
86      0. 982
70      0.313
73      0.340
77      0.392
29      0.046
43      0.255
41        0.218

294      0.457
83       0.116
53      0.167

198       0.144
1032       0.187

67       0.135
78       0.159
79       0.159
36       0.161
49      0.183

125       0.201
116       0.182
813       0.529

96      0.594
85      0. 843
44      0.475

180       1.025
51       0.994



Key Peaks on XF]D Trace: Glycolated Samples
Fi I e            2Th eta D-spacin lnteg.I(%)      lnteg.I       Maxl     FWHM

F3BS051

F]BS052

F)BS053

2.122         41.5954
6.112          14.4491
6.589         13.4030
8.628         10.2392

12.328            7.1735
17.623           5.0282
20. 659           4.2957
26.588           3.3497
45.366           1.9974

6.322         13.9676
8.906            9.9210

12.516            7.0665
17.800           4.9788
25. 236           3. 5260
26.858           3.3166
45.414            1.9954

6.847         12.8980
7.368          11.9875
8.787         10.0545

12.433             7.1131
17.714            5.0028
18.882           4.6957
25.111             3.5433
26. 758           3.3289
45.401             1.9959

loo.0       54287
0.3             169
7.2          3887

33.1         17958
4.5          2441
2.7          1492
0.2               99

12.1            6565
2.1              1129

5.8            792
loo.0        13722

17.8           2436
13.9           1904
4.6            629

40.8          5595
5. 7            783
3. 5            334
4.3            408

100. 0           944IA
14.1             1334
4.4            420
4.5            425
3.5            332

38. 2          3604
8.1              769

1851        1.467
139       0.061
140       1.389
781         1.149
235       0. 521
125       0.598
87      0. 057

525      0.625
71       0. 799

127       0.312
727      0.944
205      0.593
118       0.805
68      0.460

380      0. 735
50      0.779
91        0.184

123       0.165
538      0. 878
107       0.621
68       0.310
38      0. 567
44      0.376

238      0.757
34       1.137

'



#   §IEMEN§   DIFFf]AC   11   tt
FILE:       S^lRE  IDEI`lTIF. :

Black  Shale  Powder  Samples

!4?9ie      7?388        1?g28        i?788        i?998        2?488        £?188        {?688        i?689

TWO   -   THETA       /      D   -   SPACING



LJ LJ

*   SIEMEN§   DIFFPIAC   11   #
Flt£:        SAMPLE  IDENTIF. :

Mecca-type  Powder  Samples

!4?918      }?388        1?988        i?789        2?998        29488        £?188         19e88        i?689

TWO   -   THETA       /       D   -   SPACING



#   §IEMEN§   DIFFF]AC   11   tt
FILE:        8ANPLE  IDENTIF. :

Mecca-type  §hale§:    2  mu   fraction

!4?9iB      7?388        1?g88        i?789        2?998        i?488        £?i88        €?a88        it689

TWO   -   THETA       /       D   -   SPACING



LJ LJ

*   §IEMENS   0IFFF]AC   11   tt
FILE:       S^lf]£  ZEE)lTIF. :

|j

Mecca-type  §hale§:    1  mu   fraction

!4?Plo      }?388        1?g28        i?789        2?998        39488        £?188        {?e88        !t689

TWO   -   THETA      /      D   -   SPACING



*   §IEMEN§   OIFFf]AC   11   #
FILE:       8^lflF  IDDITIF. :

Heebner-type  Powder  Samples

!4?918      7?388        1?928        a?78g        a?998        29488        £:188        i?688        !i689

TWO   -   THETA       /      D   -   SPACING



®

*   §IEMENS   DIFFPIAC   11   #
FIL.E:        8^ifn£  IOENTIF. :

LJ

Heebner-type  §hale§:   2  mu   fraction

!4?9ie      7?388        1?988        i?789        2?998        2?488        i?188        {?888        i?689
TWO   -   THETA      /      D   -   SPACING



*   §IEMENS   0IFFPIAC   11   *
FILE:       8^lf]F  IDENTIF. :

Heebner-type  Shale§:    1  mu   fraction

!4?9iB      7?g88        1?928        i?788        i?998        2?488        £?188        2?688        i?689

TWO   -   THETA       /       D   -   SPACING



#   §IEMEN§   DIFFPIAC   11   tt
FILE:       &^lfLE  IDOITIf. :

Shanghai-type  Powder  §ample§

!4?Plo      }?388        1?988        §4789        2?g98        3?488        £?188        4?e88        i?689

TWO   -   THETA       /      D   -   SPACING



#   SIEMEN§   DIFFPIAC   11   #
FILE:       sAINpiE  IrmlF. :

Shanghai-type  §hale§:   2  mu  fraction

i4?9iB      7?388        1?g88        §?789        3?998        3?488        £?188        #688        i1689

TWO   -   THETA       /       D   -   SPACING



#   §IEMEN§   DIFFF]AC   11   t¢
FILE:       8^lfLE  IDENTIF. :

Shanghai-type  §hales:    1  mu  fraction

!4?9ie      }?388        1?928        i?789        2?998        2?488        £?188        f9888        i?689

TWO   -   THETA       /       D   ~   SPACING



*   SIEMEN§   DIFFF]AC   11   #
FILE:       8^lf]F  IDENTIf. :

Muncie  Creek  Samples

!4?9io      }?388        1?928        #789        2?998        29488        £?188        {?888        i?689
TWO   -   THETA      /      D   -   SPACING



® ®

tt   §IEMEN§   DIFFPAC   11   X
FILE:       s^ifnl:  IOEI\ITIF. :

LJ

MC-3  Powder:    Before/After  Glycolation

!4?918      }?388        19988        91789        2?998        2?488        £?i88        !?888        i?689

TWO   -   THETA       /       D   -   SPACING



tl   §IEMEN§   DIFFF]AC   11   #
FILE:       8^ifLE  lmlTIF. :

MC-31   mu   fract.:    Before/After  Glycol.

!4?918      }?388        1?988        §t789        2?g98        2?488        £?188        f?e89        i?689

TWO   -   THETA      /      D   -   SPACING



® Lj LJ

#    §IEMEN§   DIFFF]AC   11   t¢
FILE:        8ANpiE  DExanlF. :

LJ

MC-3  <1  mu   fract.:   Before/After  6lycol.

i4?918      }?388        1?928        i?78g        i?998        a?488        £:188        !?888        !i689
TWO   -   THETA       /      D   -   SPACING



® L|

#   §IEMENS   DIFFF]AC   11   tt
FILE:       3^lfu  lEXDITIF.:

LJ

MC-3  2  mu   fraction:    Olycolated

!4?918      }:388        1?928        i?78g        a?998        i?488        £?188        {?888        !i689
TWO   -   THETA       /      D   -   SPACING



L=

#   SIEMEN§   DIFFFIAC   11   *
FILE:       8^lflF  IDEllTIf. :

MC-3   1  mu  fraction:    6lycolated

!4?9ie      }?388        1?988        31788        i?998        2?488        £?188        i?888        !1689

TWO   -   THETA      /      D   -   SPACING



® ®

#   §IEMENS   DIFFFIAC   11   tt
Flu=:       8^lf]£  IEENTIf. :

LJ

MC-3  <   1  mu   fraction:    Glycolated

!4?918      }E388         1?988        §1789        3?998        3?488        £:188        {?e88        i?689

TWO   -   THETA      /      D   -   SPACING
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Appendix  H.  Rock-Eval  Data



Ftcok-Eval Data From Selected Samples

SAMPLE   |QQ     S1{ppm)  S2(ppm)      Tmex(`C)    S2/TOG   S1/S1+S2
HBI
QHI
SH2
LBI
HBCI
QHCI
SHCI
MOB
MOD
MQSB1

10.31        1200.00
22.72      3280.00

5. 59         490.cO
17.45       1540.00
19.43       1390.00
4. 89      2060.cO
0.66         250.cO

14.95       1480.cO
36.85      4530.00
36.20      5610.00

49500.00
1370cO.cO

10900.cO
70300.00
83700.00
18900.00

520.cO
417cO.cO

1760cO.cO
195000.00

419.cO              0.48              0.02
415.00              0.60              0.02
426.00              0.19              0.04
417.00              0.40             0.02
419.cO              0.43              0.02
428.cO              0.39              0.10
528.cO              0. 08              0.32
417.cO              0.28              0.03
415.cO              0.48              0.03
418.00              0.54              0.03

®

®

®



i

)

)

Appendix  N.  Sulfur  Isotope  Data



'

®

®

*denotes values for individual grains of sulfide minerals

from Coveney and ShaffeT (1988).
data from Schultz and Coveney (in press)
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Appendix  0.  Statistical  Analyses  Program



STATISTICS   PROGRAM  FOR  SPSS/SAS
//pGElnBs  .oB,    JGEopARSASJ ,
//  MSGCIASS=A . REGION=204 8K , TIME= ( 0 . 20 )
/  /   FIT:RTHR  S;J2S/Si
//SYSIN  DD
/AECI  DD
//sassy  DD  uNIT=s¥sDA,voL=sER=wRKi5i , DSN=&&GPAR,
//  spACE= ( TRK , ( 1 , 2 ) ) , Dlsp= ( NEw , pass ) ,
//  DCB=( InECL=ioo , RECFM=FB , BLKslzE=6OOo )
/ /irxH:Hf : ghi3
//SYSIN  DD*
DATA  I.Isd  FILE=REC1
/1   ID  i-6,    (A)   LINE  1-80   (A)
DATA  LlsT  FILEHEnei  FlxED  REcoRI)s=5        .
REcODE     Ill   (.HBiJ,,QHi.,.L83.,.QH3.,.QHc3J,.QHc2.,.Imc6J,.Hp3.,

Jm4 J , JE"i i , J sT2 t , JST3 J , JHci J=i ) /
( ' SH1 ' , ' SH2 ' , ' SHC3 ' , ' SHC2 ' =2 ) /
(ELSE=3)/INTO  GRP/
pROxlMITIEs  sORc  ro  u
~tJRE-COEut
„IEw=vanlABLE
pemlxacouT  ( *)

CLUSTER
peTRIX-IN ( * )
/PRINT=SCHEDULE

FAeroR  vanlABLEs=sORG  ro  u
/EXTRACTION=PA1
¢oTATloN=v^Rnmx
/PRINT±ROTATION
/sAve=REG   (ALI.  FAG)
/pl.OT=FAci  wlrm  FAc2   FAc3
/WRITE  ouTFILE=sass¥  TaeLE
/1   FACI   TO   FAC9   (9F8.4)

DATA  ROCKS; INFILE   CPAR;
INPUT   (FAC1-FAC9)    (9*8.4);
pROc  cl.usTm  OurmEE=xxx  imlloD=w^RD  RitssTD  RSQ  ccc  PSEUDO;

Sis    V^R-F^C1-FAC4
PROC  "EE  DAT^=XXX;
PROC   PI,OT   D^TA=XXX;
PIOT  CCC   *   NCL;
//**

REGRESSION  VARIABLES=SORG   TO   U   Gnp
/STATISTICS=DEFAULTS
/DEPENDmueGRE
/iml]ODpsTEpwlsE

DlscRIHINANT  GRoupseeRp( 1 , 3 ) „ARIABLEs=soRG  To  u
-OD=Wlms
/FUNCTIONS=1
/PIN=O . 01
/sTATlsTlcs=itEAN   sTI>Drv  TABLE  COEFF  RAw  UNIVF
/PLOT=COHBINED

cl.usTm  SORG  To  u
/MEAsuRE=sEnycLID
"E"OD=cENmoID
/pRlrmscREDun

®



)

)

)

5

)

/pl.oT=DENI)Row;EN
//**
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Appendix  P.  Sample  Locations



OUTcf]OP NO. LOCATloN COUNTY SAMPLE NO. LmoLOGy

'

a

36

W, 21.12Sh 1-
hl`^M`/. ie, i2aL, ieE

sEa^/, 16, i2aL 1.E

C 16,11&,1-

W, 3+ fty ieE
W. 9& 11&,17E

", a, 1fty ,E
=,-J=-Jl.. 3, ioL ieE

SEL".11,21S..16E

NE 6, 2a& i€
gvN9E, zN, 2za~ i2E

W, + 2n, ,1E
gwNE, a. 90&. 10E

~, e, 33ai, 1 1 i
i-+:=+-ji-. 21 , a3-, i 1 E

c 33. e3s., 1 iE

" 7, ra. ioE
xc, ro ®id abut
Lhrty vh Kc, ro
Chh LIIb Sifty-
faf=Fa, Q'q' -
Eq a^/. a+ a a. 28 E
-aLNrry
1 h a 0' - Cfty

-_=-==TJJFut

LIO . 10 hL E. af

N-10 E. ul Edoerm

Kc,roen~
ed cap fut
rc&wedLes-FH
±',.. a, .2 NL, a. E
i<ra ==-=_rt lm so
F--utF-OD
N`^4 IW`/, .I 23, 1 N. 1

'+ae E lq ,10 E|' «
rc- - ut a, tw.
-C"ON)
ra 33, 16 N, e w.
Big Fed a- oN)
4' 15 N-e w.

-CrtyON)
9E. a. 16 N. 8 W.

LJMJ-d-
EXX-J-
an`'-J=JC-

P^''-"T=J-
JA-
flyvFre

8-
PyqFRE a-,tr

C. iiiii=
8= Black Shale
DG= Dark Gray Shale
G= Gray Shde



SHAWNEE GF]OUP CORES
CORE       OPERATOR

1             SKE LLY
2            MUFFIN
3           TEO. GOPIE
4            CONTIN.
5            CONTINEN.
6        TEus o&G
7           SHELL
8            SIN.  PP.
9           TEXAS O&G

10             SIN.  PB.
11              SHELL
12            EMPIPE
13            SHELL
14           SPRINGEP
15            SHELL
16           BARNEIT
17            ATLANTIC
18            ATLANTIC
19           SUPERIOP
20           HUMMon
21             MESA
22            HUMMON
23            HUMMON
24            HUMMON
25           HUMMon
26           CO LO RADO
27           HUMMon
28             KFIM
29            CITIES SEPIV.
30           USCOE

NO.      LEASE

1   BAPToSovsrv
2    ELVIN
1    DENNY

406   ADELL UNIT
7   J.E.  LEONARD
1    DOUGHERIY

10   KNIPP
1    GUYMEF3CEF]
1    SMITH
1    WALLACE INV.
1    A.SMITH
1    SELLENS
1     MICHAELIS
1    OESEPSOUTH
3   PLCXJG
1    WPIGHT
1    DAGUE
1     MARKA

684   H.L. TUCKER
136   SMITH

1119   SEACAT
1    HEPBEPT
1    MCKEEVEF]
3   F}lcKE ESTATES
1    HPENCHEP

110    DF]EYEF3

1    HAPBAUGH
2GmK
2   GOPE

12    F]EDMOND DAM

LOCATION

SESWSW, 9,1S., 34W.
SENWSE,14, 3S,, 27W.
C NESW, 5, 5S., 34W.
SESWSW, 2, 6S., 27W.
SWNWSE, 12, 6S. , 27W.
NWSWSW, 23, 6S. 33W.
NESESW,14, 9S., 21W.
C NENW, 28,10S., 40W.
NE C SW, 30,llS., 36W.
SESESE, 22,11S„ 39W.
C W2, 31,13S.,14W.
NESWSW, 30,15S.,13W.
NESENE, 31,15S.,13W.
SENWSW, 30,16S.,llW.
C EL SW, 33,18S., 9W.
C S2 NW, 35,19S., 8W.
C SWNW,14, 20S., Saw.
C SESE, 28, 20S., 33W.
SESWSE, 4, 29S„ 42W.
C NWSW, 36, 31S.,llW.
W2E2NE,19, 31S., 21W.
C SWNW, 6, 32S.,10W.
NWNENW, 7, 32S.,low.
C NWSE,12, 32S„ llW.
C NENW,13, 32S.,llW.
SESENW,10, 32S., 43W.
C NESE, 29, 33S.,llW.
C SWNW, 36, 33S., 20W.
C SESW, 4, 35S., 41W.
NENENE,11, 21S.,15E.

COUNIY

FIAWLINS
DECATUP
PAWLINS
SHEPIDAN
SHERIDAN
THOMAS
GF]AHAM
SHEF]MAN
LOGAN
WALLACE
F]USSELL
RUSSELL
PIUSSELL
BAF]TON
RICE
lllcE
SCOTT
SCOTT
STANTON
BAF]BEF]

CLARK
BARBEF]
BAF]BEF3

BAF]BEF3

BAF]BER
MOF]TON
BAF]BEF]

COMANCHE
MOPTON
COFFEY



I

OTHER CORES
QQEE       OPEFIATOR

31            TEXAS O&G
32           TEXAS O&G
33           SOH IO
34           SOH IO
35           SOH IO
36           SOH IO
37           SOH IO
38           SOHIO
39            MCCULLOUCH
40            MCCULLOUCH
41             SHELL
42            DEAN & CL.
43           SKE LLY
44           SH ELL
45            EMPIRE
46           ATLANT I C
47           SHELL
48           SHELL
49           PETF`O-DYN.
50           P ETF]O-DYN
51            COLORADO

NO.      LEASE
1    DOUGHERIY
1    SMITH

14   C.C. OSWALD
23   0. WILCOXA
24   0. WILCOXA
25   0. WILCOXA
25   0. WILCOXA
310.WILCOXA
25   RUTHVEN I

125   RUTHVEN
1    A.SMITH
1    HOKE
6   CARTEF3
2   J.C.  DUMLEF`
1    SELLENS
1    MAPKA
1    A.C. CORDON
1    WELCHB
1    Gf]AHAM
1    CASSELMAN

110    DFtEYEF]

LOuTION
NNIVSWSW,23,6S.,33W.
NE C SW, 30,llS., 36 W.
SWNWSE, 8,12S.,15W.
NWSENE, 8,12S.,15W.
SENWNE, 8,12S.,15W.
NINE, 8,12S.,15W.
NENE, 8,12S.,15W.
NENENE, 8,12S.,15W.
C SE, 25,12S.,15W.
C SE, 25,12S.,15W.
C W2, 31,13S..14W.
SWSWSW, 24,14S.,13W.
SWNE, 33,14S.,13W.
C SWNW, 24,14S.,14W.
NESWSW, 30,15S.,13W.
C SESE, 28, 20S., 33W.
C WLW2NE, 21, 21 S. , low.
C SESE, 4, 24S„ 4W.
C SE, 21, 31S., 3W.
C SESW, 4, 32S., 3W.
SENW,10, 32S., 43W.

THOMAS
LOGAN
RUSSELL
FtussELL
F}USSELL
FIUSSELL
RUSSELL
F]USSELL
F}USSELL
F3USSELL
RUSSELL
PUSSELL
RUSSELL
F]USSELL
F]USSELL
SCOIT
PICE
RENO
SUMNEFt
SUMNER
MOF]TON
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Appendix  Q.  Measured  Sections  and  Core  Descriptions



masslve limestone

calcareous shale

EXPLANATION
****       algalblades

ee     algalwrap
-       Osag la
-     fusullnlds

@             crlnolds
€     mollusks
@

`__.

gastropods

fenestrate bryozoans

ramose bryozoans
br        bryozoans

echlnold splnes

Amblyslphonella

rugo8e Corals

flat          f|stulllplds

hash  fossll hash zone

di    §ylnjz9PgE
..     :   .'

plant fragments

/33        t rl I obltes

E,   hlgh splrol gastropods

LJ

E= allochthonous coal

I++;ij+{;;+{{  coal with underclay

RE     redbeds
black Shale

I ,   e.-        with
phosphatlc nodules

yJ   burrows, tralls

•®...         co ncrctlons

A                 chert



'

KS

*



Turnpike Section
NENW, see. 21, T.12 S., F].19 E,    .
Douglas County, KS



Turnpike Section
NWNW, see.18, T.12 S., F].18 E.
Douglas County, KS

Quon Hiu Shafo

Monber

8is Sonngs

Lm ®ston® M®mb.I



'

Turnpike Section
SESW, see.15, T.12 S., F].18 E.
Douglas County, KS



Calhoun BIuffs
c. see.15, T.11  S„ F`.16 E.
Shawnee County, KS



'

E. Ozawkie, K-92
NW, see. 34, T. 9 S„ F].18 E.
Jefferson County, KS



Grover's Station
NW, see. 36, T.11  S., Fl.17 E.
Douglas County, KS
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'

Lamont Section
SWSE, sec. 24, T. 22 S., R.12 E.
Greenwood Courty, KS



US-54
NW, see. 4, T. 26 S., F].11  E.
Greenwood County, KS

'



Elk Fliver West of Howard, KS
SWNE, see. 9, T. 30 S„ F].10 E.
Elk County, KS



'

NW Sedan, KS, K-99
NESW, sec. 8, T. 33 S., f].11  E.
Chautauqua County, KS

J



'

'

Sedan Cfty Lake Spillway
NWNW, see. 21, T. 33 S., R.11  E.
Chautauqua County, KS

M®rnbe,



'

Wauneta Type Section, K-166
NW, see. 7. T. 34 S., F].10 E.
Chautauqua County, KS

'



'

Conposite Section: Hilltop Quarry
NWNE, see. 7, T. 23 S., F].13 E.
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'

Long Creek, I-35
SENE, sec. 5, T.19 S., R.16 E.
Osage County, KS

'
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Composite Mecca Quarry F3ogion
SWNE, see. 29, T.15 N„ F]. 8 W.
Parke County, lN



Big Pond Crook
NW, see. 4, T.15 N., R. 8 W.
Parke County, IN

.:i}il.i,i,,,i,:,,:,,;,,;I



'

F]aytown Section, 1435 and 350
SWSWNW, see. 6, T. 48 N., F). 32 W.
Jackson County, MO



'

Famrell Fami Section
NWNWNE, see. 23, T.1  N., R.12 E.
Pawnee County. NE



Baron Creek
N1/2, see. 33, T.15 N., F]. 8 W.
Parke County, IN

+
_ _ _ _ _ _ _ _ -i
=-=-=_i_==_-=_--=i

=i-==



'

K-32 and lrf35
shaymee courty, lee



'

Holliday F]oad Section
NENW, sco. 7, T.12 N., F]. 24 E.
Johnson Courty, MO



East Eudora
K-10 and Edgerton F]oad
Douglas County, KS



unfty Village
lchcas Cfty, MO
Jackson County, MO

'



Skelly #1 : Bartosovsky
3919,

light gray calcareous slltstone
cherry, fragmeuted shells

br_
^AV         darkgrayllme-rlchshale

br@
`-I- EEEill

@   tsg fragmented brachlopods
`+--``

br  @      dark gray calcareous slltstone

tsg yJ p:::::::# :a£::=
soft-sedlmend deformation
compactlonal modlflcatlon
gray shale, fosslllferous

very dark gray to black shale

br``vr+dense7blueigrayllmestone
- shell l'iash
Atg/

@-Ijv L
br@

oolltlc, vertlcal fractures

gray green clayshale
slfty in lower section
calcareous

SESWSW, see. 9, T. 1  S., F]. 34 W.
Rawllns Courty, KS



Denny #1 : Theodore Gore

Black shale grades lrfo dark gray
clay-rlch, phosphatlc at trase

Py        Bluengray lst., pyrlte-rich
Py       lacks fauna, very dense, masslve

sandy to slrty st base
Doniphan
Shale Mbr.    bluei)reen, Clay-rlch shale
Spring Branch    creme lst., ferrugenous
Llmestone Mbr.                lacks fauna

dark grayi]reen, waxy clayshale

chalky lst„ lacks of fauna

blue-green slrty shale

Py             pyrlte frambolds and clusters
homogenous gray llmestone

algal fragments

grayi]reen clay-rich shale

red®range, flat pebbly congl,
highly oxldlzed

-`___..    ->

@creme crystalllne lst.
cherry
wavy-bedded

br € diverse fauna
C. NESW, see. 5, T. 5 S., P. 34 W.
F]awllns Courty, KS



#1 Casselman: Petro Dynamics

11EIEI11
11

\\I--I11--
\1

11-
•_---------I__
11_11

-

-
-
-
-

tan to gray shale
dark gray to black shale, clay-rich

dark blu-gray lst.
diverse fauna

dark gray, clay-rich shale

**** dense, wavy-bedded, algal-rich lst.

****

****
****
****

grayi)reen clayey shale partlng

sirty tan creme lst., lacks fauna

dlverse fauna, fragmented

_-_.

•=}
i_1+

@
€  tan to gray lime-rich slltstone

hash                fossll hash zone
C. SESW, eec. 4, T. 32 S., F]. 3 W.
Sumner Courty, KS



Branett #1 : Wright
2586,

2608,

gray-tan gypeiferous lst.

wavy-bedded

cherry

wavy-bedded

algal wrap (Ottonosia)

wavy-bedded

sylolItes, dlverse fauna

tan to gray fossillferous slItstone

dark gray to black, clay-rlch shale
bloturbated near top of corhact wlth hash

dense, blulsh gray lst.

lacks fauna

creme lst., massive

slrty to sandy lst near base

C. S1/2 NW, see. 35, T.19 S., f]. 8 W.
F]ice courty, Ks
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