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PREFACE 

This  i n v e s t i g a t i o n  was under taken by EBIM f o r  t h e  llorgantown Snergy 

Technica l  Center (METC), Department of Energy under Contract  3E-AC21-79- 

MC11687. The test s i t e  a r e a  f o r  t h i s  work i s  c e n t e r e d  on t h e  Moorman 

Sync l ine  i n  Western Kentucky; it  i s  t h e  a r e a  covered by Landsat frame 

p a t h  23/row 34 c e n t e r e d  approximately  on Madisonv i l l e ,  Kentucky. Th is  

i n v e s t i g a t i o n  followed remote s e n s i n g  work by ERIX by llETC on a  t e s t  

s i t e  over  t h e  C o t t a g e v i l l e  s h a l e  g a s  f i e l d  i n  \Jest V i r g i n i a  under 

Department of Energy Contract  EF-77-C-05-5524. 

To o p t i m a l l y  u s e  g e o l o g i c a l  e x p e r t i s e  both  c o n t r a c t u a l  and.volun-  

t a r y  geo log ic  c o n s u l t a n t s  were i n v i t e d  t o  p a r t i c i p a t e ,  w i t h  p r e l i m i n a r y  

and f i n a l  i n t e r p r e t a t i v e  meetings being h e l d .    he methodology of t h e  

i n v e s t i g a t i o n ,  which t u r n e d  ou t  t o  be ve ry  s u c c e s s f u l ,  was p r i m a r i l y  

suggested by Claude S. Dean, t h e  i n i t i a l  Techn ica l  P r o j e c t  O f f i c e r ,  

who a l s o  p a r t i c i p a t e d  i n  t h e  p r e l i m i n a r y  g e o l o g i c  i n t e r p r e t a t i o n .  

The c o n t r a c t u a l  c o n s u l t a n t s  were Bobert Shumaker of !,lest V i r q i n i a  

1Jnivers i ty  and Xonald g i l a m a r t e r  of Nestern  Kentuclcy U n i v e r s i t y .  ?.ohert 

Shumaker prepared a  geo log ic  background s tudy  (Appen3.i~ A), many u s e f u l  

i n t e r p r e t a t i v e  o v e r l a y s ,  and p a r t i c i p a t e d  i n  t h e  i n t e r p r e t a t i o n ,  he  

played a  major r o l e  i n  t h i s  s t u d y .  Ronald n i l a m a r t e r  prepared a  geo- 

morphological  s tudy  (Appendix B) but d i d  no t  p a r t i c i p a t e  i n  t h e  

i n t e r p r e t a t  ion.  

The v o l u n t a r y  d o n s u l t a n t s  were John Beard of t h e  Kentucky c e o l o g i c a l  

Survey and Howard Schwalb of t h e  I l l i n o i s  Geo1o:ical Survey. T h e i r  

knowledge and i n s i g h t s  were extremely v a l u a b l e  t o  t h i s  i n v e s t i g a t i o n .  

John Beard conducted a  f i e l d  t r i p ,  i n t e r p r e t e d  imaqes, and p a r t i c i p a t e d  

i n  hoth t h e  p r e l i m i n a r y  and f i n a l  i n t e r p r e t a t  i o n  meet ings .  '!award 

Schwalb p a r t i c i p a t e d  i n  t h e  p r e l i m i n a r y  meeting and i n t e r p r e t e d  imagery. 

.- 
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The f i n a l  s e l e c t i o n  of l o c a l i z e d  a r e a s  f o r  f u r t h e r  s t u d y  was made 

a t  t h e  f i n a l  i n t e r p r e t ' e r ' s  meeting by Robert  Shumaker, John Beard,  and 

t h e  p r i n c i p a l  i n v e s t i g a t o r  P h i l i p  Jackson.  * 

Many v a l u a b l e  c o n t r i b u t i o n s  were made by t h e  c o n s u l t a n t s  and t h e  

i n i t i a l  Techn ica l  P r o j e c t  O f f i c e r  Claude Dean, and t h e s e  c o n t r i b u t i o n s  

i n  terms of d i r e c t i o n ,  i n s i g h t ,  and a c t u a l  i n t e r p r e t a t i v e  p r o d u c t s ,  

were basic t o  t h e  s u c c e s s  of t h i s  i n v e s t i g a t i o n .  !:lowever, t h e  r e s u l t s  

and c o n c l u s i o n s  a r e  t h e  r e s p o n s i b i l i t y  and d e c i s i o n s  of t h e  p r i n c i p a l  

i n v e s t i g a t o r ;  he  a l o n e  i s  r e s p o n s i b l e  f o r  any e r r o r s ,  omiss ions  o r  

l i m i t a t  i o n s .  

We wish t o  e x p r e s s  many thanks  t o  John Beard and Howard Schwalb. . 

Thei r  g e n e r o s i t y  i n  c o n t r i b u t i n g  t o  t h i s  work, and t h e i r  u n s e l f i s h  

c o n t r i b u t i o n  of t h e i r  p r o f e s s i o n a l  knowledge and i n s i g h t  w e r e  funda-:  

mental  t o  t h i s  i n v e s t i g a t i o n .  Thanks i s  a l s o  expressed t o  Pamela Swonger 

f o r  h e r  generous suppor t  i n  f i n a l  r e p o r t  p r e p a r a t i o n .  

*The P r i n c i p a l  I n v e s t i g a t o r ,  P h i l i p  Jackson,  is c u r r e n t l y  working f o r  
t h e  U n i v e r s i t y  of Michigan. Work under t h i s  program was completed 
under Subcontract  144000-1, Purchase  Order 214179. 
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1 

INTXODUCTION 

The Eas te rn  Gas Sha le  Program (EGSP) i s  d e d i c a t e d  t o  t h e  i n c r e a s e  

of g a s  p roduc t ion  from t h e  l l i ss iss ippian-Devonian s h a l e s  i n  t h e  

e a s t e r n  United S t a t e s .  Although t h e s e  s h a l e s  u n d e r l i e  between 
2 4-600,300 km i n  s e v e r a l  s t a t e s ,  forming a n  enornous source  of g a s ,  

commercial s h a l e  gas  f i e l d s  a r e  few. It is  tho.ught t h a t  t h e  s h a l e  gas  

f i e l d s  a r e  r e l a t e d  t o  f r a c t u r i n g  of t h e  s h a l e  -- t h e  f r a c t u r e s  pro- 

v i d i n g  c o n d u i t s  and r e s e r v o i r s  f o r  t h e  r e l e a s e d  Sas  (Overbey, 1375) .  

F a u l t s  and f r a c t u r e s  a t  dep th  a r e ,  sonet imes mani fes ted  a t  t h e  

s u r f a c e  i n  s u b t l e  ways which cannot  be observed by geo log ic  f i e l d  work, 

and a r e  o f t e n  r e l a t e d  t o  r e g i o n a l  s t r u c t u r e s .  The e x p l o r a t i o n  f o r  new 

f i e l d s  should i n c l u d e  every  p o s s i b l e  means of e x p l o r i n g  f o r  t h e s e  and 

s i m i l a r  geo log ic  f e a t u r e s .  

One e x p l o r a t i o n  means capab le  of d i s c o v e r i n g  f a u l t s  and f r a c t u r e s  

i s  remote sens ing .  Not on ly  can such f e a t u r e s  be  d i scovered  which a r e  

n o t  i d e n t i f i a b l e  on t h e  ground, b u t  modern r e n o t e  s e n s i n g  encompasses 

l a r g e  a r e a s  s o  t h a t  r e g i o n a l  i n t e r p r e t a t i o n  can be s imul taneous ly  

achieved.  Very s l i g h t  s u r f a c e  anomal ies  due t o  s o i l  composi t ion,  

riloisture, o r  topography and t h e i r  e f f e c t  on v e z e t a t i o n  produce i n t e r -  

p r e t a b l e  v a r i a t i o n s  on remote sens ing  imagery. I n  a d d i t i o n ,  remote 

s e n s i n g  i s  f a r  less expens ive  t h a n  s u r f a c e  geophys ica l  measurements 

and i n t e r p r e t a t i o n .  

llore b r i e f l y ,  t h e  fo l lowing  s imple  sequence demons t ra tes  t h e  

p o t e n t i a l  f o r  a p p l i c a t i o n  t o  s h a l e  g a s  e x p l o r a t i o n :  s h a l e  u n d e r l i e s  an  

enormous r e g i o n  i n  t h e  vege ta ted  e a s t e r n  United S t a t e s .  Few f i e l d s  

produce c o r m e r c i a l  gas  from t h e  s h a l e .  G e o l o g i s t s  sugges t  t h a t  

f r a c t u r e s  and f a u l t s  produce t h e  c o n d i t i o n s  f o r  commercial p roduc t ion .  

Through remote s e n s i n g  cechniques ,  f a u l t  and f r a c t u r e  syscems a r e  



discovered  and r e l a t e d  t o  r e g i o n a l  s t r u c t u r e  a t  a  c o s t  s u b s t a n t i a l l y  

below o t h e r  e x p l o r a t i o n  methods. The proper  u s e  of remote s e n s i n g  

should a i d  i n  E a s t e r n  G a s  S h a l e  e x p l o r a t i o n .  

I n  t h i s  p r o j e c t  remote s e n s i n g  is cons idered  a reconna i ssance  

e x p l o r a t i o n  method. Without f u r t h e r  c o n f i r m a t i o n ,  remote s e n s i n g  

l ineaments  should  n o t  be t h e  b a s i s  of a s u b s t a n t i a l  investment  o r  a  major 

d e c i s i o n  such a s  d r i l l i n g  a  w e l l .  The imagery can  be used t o  p i c k  

l i m i t e d  a r e a s  f o r  more i n t e n s i v e  (and more expensive)  i n v e s t i g a t i o n  such 

'as s u r f a c e  geophys ics ,  more i n t e n s i v e  geo log ic  s u r f a c e  mapping, o r  

p o s s i b l y  e x p l o r a t o r y  d r i l l i n g .  ilowever, i n  many c a s e s  i t  is  d o u b t f u l  

whether f u r t h e r  s u r f a c e  mapping w i l l  be  p r o d u c t i v e  because  t h e  s u r f a c e  

m a n i f e s t a t i o n s  of s u b s u r f a c e  f a u l t s  and f r a c t u r e s  may be  d i f f u s e d  

and s u b t l e .  The remote sens ing  t a s k  i s  t o  i n c r e a s e  t h e  p r o b a b i l i t y  of 

r e v e a l i n g  s u b s u r f a c e  c o n d i t i o n s  by geophysics  o r  o t h e r  means. 

T h i s  p r o j e c t  b e a r s  on t h e  f o l l o w i n g  a s p e c t s  of such  a  t a s k :  t h e  

t y p e s  of imagery t o  u s e ,  t h e  types  of a n a l y s i s  and d a t a  p r o c e s s i n g ,  

t h e  development o f  i n t e r p r e t a t i v e  p rocedures ,  t h e  p i c k i n g  and j u s t i f i -  

c a t i o n  of p r o n i s i n g  e x p l o r a t o r y  a r e a s ,  and t h e  e v a l u a t i o n  of remote 

s e n s i n g  f o r  g a s  s h a l e  e x p l o r a t i o n .  

F i r s t ,  f o r  t h e  t y p e s  of imagery t o  be used,  w e  a t tempted t o  u s e  

t h e  a v a i l a b l e  imagery which was s i m i l a r  i n  s c a l e  t o  Landsat .  I n  

a d d i t i o n  t o  Landsat  EISS, Landsat  RBV, Skylab,  NASA h igh  a l t i t u d e -  

(U-Z), and S e a s a t  h a g e r y  were used ,  C a t e g o r i c a l l y  t h e  Landsat  w a s  

n o s t  u s e f u l ,  and rendered  t h e  o t h e r  images a lmost  s u p e r f l u o u s .  During 

two n e e t i n g s  t h e  i n t e r p r e t e r s  i n s i s t e d  on spending a lmost  a l l  t h e i r  

time on t h e  Landsat  I.fSS. 

Second, many d a t a  p r o c e s s i n g  procedures  were t r i e d .  The most. 

f r u i t f u l  f o r  i n t e r p r e t a t i o n  was a  t h r e e - c o l o r  p r e s e n t a t i o n ,  a t  

approximately  1:40,000 of  Landsat  MSS on a  c o l o r  moni to r ,  t h e  d a t a  

d i r e c t l y  taken from a  d i g i t a l  t a p e .  



Thi rd ,  t h e  development of i n t e r p r e t a t i v e  procedures  inc luded  t h e  

u s e  o f  g e o l o g i s t s  exper ienced i n  t h e  a r e a  and r e g i o n .  An i n i t i a l  

i n t e r p r e t a t i v e  meeting was h e l d  e a r l y  i n  t h e  p r o j e c t  p e r i o d ,  and a  

f i n a l  n e a r  t h e  end. I n t e r p r e t a t i o n  emphasized t h e  knowledge o f  l o c a l  

geology and g e o p h y s i c a l d a t a .  Background papers  were prepared and used 

on t h e  s t r u c t u r a l  h i s t o r y ,  sed imenta t ion  and geomorphology of t h e  

t e s t  s i t e  r e g i o n .  Eleven s e p a r a t e  t r a n s p a r e n t  o v e r l a y s  were prepared 

showing mapped f a u l t s ,  s t r eams ,  i sopachs ,  e t c .  S e v e r a l  i n t e r p r e t e r s  

independent ly  i n t e r p r e t e d  t h e  t e s t  s i t e  r e g i o n ,  marking l ineaments  

which appeared s i m i l a r  t o  t h o s e  caused by a c t u a l  f a u l t s .  

Four th ,  s p e c i f i c ,  n o r e  d e t a i l e d  t e s t  s i t e s  were picked from t h e  

l a r g e r  s i t e .  Three  promising e x p l o r a t i o n  a r e a s  were chosen a f t e r  t h e  

f i r s t  i n t e r p r e t e r s '  meeting,  and two l o c a l i z e d  a r e a s  were chosen f o r  

recommended e x p l o r a t i o n  s i t e s  a t  t h e  last  meeting.  

L a s t ,  t h e  e v a l u a t i o n  w a s  made i n  terms of t h e  i n t e r p r e t e r s '  

judgement of t h e  e x t e n t  and convincingness  of t h e  imagery, comparing 

l ineaments  corresponding t o  known f a u l t s  w i t h  l ineaments  which appear  

t o  be s i n i l a r .  An e v a l u a t i o n  a l s o  w a s  made of t h e  inagery ,  enhance- 

ments, and procedures  t o  be fol lowed.  Emphat ical ly ,  however, no f i n a l  

e v a l u a t i o n  can be made u n t i l  t h e  chosen a r e a s  f o r  e x p l o r a t i o n  a r e  

t e s t e d  a t  l e a s t  by geophys ica l  methods. Remote s e n s i n g ,  be ing  a  

reconnaissanr-.P tnnl., cannot conf i rm i t s e l f .  The suspec ted  "l ineament 

f a u l t s "  which do n o t  correspond t o  known f a u l t s ,  and which may i n d i c a t e  

f r a c t u r e d  a r e a s  f o r  s h a l e  (o r  o t h e r )  g a s  p roduc t ion ,  must remain 

suspec ted  and unproven u n t i l  t e s t e d .  C u r r e n t l y  they a r e  on ly  a r t i f a c t s  

which seem t o  convince t h e  eye t h a t  i n t e r e s t i n g  g e o l o g i c a l  f e a t u r e s  

may e x i s t .  ' 

. . . . 

The test s i t e  was chosen s o  t h a t  remote s e n s i n g  could  be used t o  

f i n d  t h e  l o c a l i z e d  a r e a s  mentioned above. The Moorman Sync l ine  i n  

Western Kentucky was chosen f n r  t h i . s  purpose.  A Landsat  frame ( p a t h  



23,  row 34) c e n t e r e d  n e a r  N a d i s o n v i l l e ,  Kentucky, l a t i t u d e  37"301N, 

l o n g i t u d e  87"301E, encompasses t h e  s i te.  S e v e r a l  r easons  d i c t a t e d  

t h e  c h o i c e  o f  t h i s  Western Kentucky reg ion :  b l a c k  s h a l e  u n d e r l i e s  t h e  

s i t e  a t  r e a s o n a b l e  d e p t h s  and i sopachs ,  s h a l e  gas  i s  produced i n  t h e  

a r e a ;  known f a u l t s  r u n  through t h e  s i te  s o  t h a t  t h e y  c a n  be used a s  

r e f e r e n c e s  when l ineaments  i n d i c a t e  suspec ted  f a u l t s ;  and t h e  

p o s s i b i l i t y  o f  o t h e r  f a u l t i n g  e x i s t s  because of t h e  s t r u c t u r a l  n a t u r e  

of t h e  r e g i o n  ( s e e  F i g u r e  1 ) .  

I4any p r o d u c t s  were a c q u i r e d ,  g e n e r a t e d ,  and t ransformed f o r  t h i s  

i n v e s t i g a t i o n ,  i n  a d d i t i o n  t o  t h e  background geology a r t i c l e s .  These 

p roduc t s ,  which have been s u p p l i e d  t o  DOE, t h e  Kentucky Geolog ica l  

Survey,  and Western V i r g i n i a  U n i v e r s i t y ,  r e p r e s e n t  a  r e s o u r c e  f o r  

f u r t h e r  work i n  t h i s  a r e a .  

According t o  t h e  t h r e e  f i n a l  i n t e r p r e t e r s ,  two of whom a r e  

g e o l o g i s t s  w i t h  knowledge of t h e  a r e a ,  !he imagery cbnv inc ing ly  i n d i -  

c a t e s  f e a t u r e s  which could  w e l l  be unmapped f a u l t s .  The two l o c a l i z e d  

a r e a s  were picked because  of t h e s e  convincing i n d i c a t i o n s  c o e x i s t i n g  

w i t h  known geology concordant  w i t h  s h a l e  g a s  p roduc t ion .  Again; i t  

should be  emphasized t h a t  geophys ica l  o r  o t h e r  conf i rmat ion  i s  c a l l e d  

f o r  by t h e s e  conc lus ions .  
r- 



Figure 1. TEST SITE LOCATIONS. LANDSAT FRAME PATH 23 ROW 34 SHOW ENCLOSED IN HEAVY SOLID 
BLACK LINES ON GEOLOGIC MAP OF KEJTUCKY. THREE LOCALIZED TEST SITES SHO!.JN IN 
LIGHTER LINES WITHIN THE LANDSAT FW4E. 
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GEOLOGIC TEST SITE 

The test site is  the  area  covered by Landsat frame path 23, row 

24, centered near tladisonville, Kentucky a t  37'20'N l a t i t u d e  and 

37'30' E longitude. This a rea  was chosen t o  inves t igate  remote 

sensing f o r  shale  gas explorat ion f o r  the  following reasons: 

1. Known f a u l t  systems a r e  within t h e  area,  so t h a t  comparisons 

could be made between image lineaments corresponding t o  known 

f a u l t s  and those indicat ing suspected f a u l t s .  

2. The a rea  has  been s t r u c t u r a l l y  ac t ive ,  so that the  p o s s i b i l i t y  

e x i s t s  of unmapped f a u l t s .  

3. The area  includes many o i l  and some gas f i e l d s  over a wide 

area ,  and t h e  isopachs and depth of shale  are compatible 

with conrmercial gas production. 

4 .  The area  i s  s imi lar  i n  topography and vegetat ion t o  o ther  

p o t e n t i a l  shale  gas  regions of the  Eastern United Sta tes .  

Because l u c i d  geological  and geomorphological descr ip t ions  a r e  

included a s  appendices, the descr ip t ion here is b r i e f .  

The Landsat imagery used i n  t h i s  r epor t  covers most of Western 

Kentucky and some of Southern I l l i n o i s ,  Southern Indiana, and Northern 

Tennessee. This port ion of Kentucky is  within the  Eastern I n t e r i o r  

Basin and is roughly divided e a s t  and west by a major tec tonic  fea ture ,  

the  Rough Creek Fault  System. North of t h i s  system regional  d ip  i s  

15-17 m/km from the e a s t  toward t h e  w e s t ;  from the  southern f lank of 

the  basin the  d ip  is t o  the nor th  50 t o  150 n/km i n t o  the  lloorman 

Syncline where t h e  d i p  reverses and the  rocks rise i n t o  the  Rough Creek 

Fault  zone . 



The Xough Creek Faul t  zone extends from Southern I l l i n o i s ,  where 

i t  i s  c a l l e d  t h e  Shawnee Faul t  System, eastward through Kentucky a t  

l e a s t  t o  Grayson County, a d i s t a n c e  of 200 km. It i s  a complex s e r i e s  

of f a u l t s  conta in ing  rocks t h a t  range i n  age  from Devonian t o  Permian. 

There a r e  many explana t ions  f o r  t h i s  f e a t u r e  ranging from "fau l ted  

a n t i c l i n e "  t o  " s t r i k e - s l i p  ." 
The rocks of che Easrern I n t e r i o r  Basin are Pearisylvanian and 

1.lississippian; t h e  Pennsylvanian i s  a s e r i e s  of sandstones and sha l e s  

w i th  minor amounts of c o a l  and l imestone;  t h e  c o a l  i s  of g r e a t  economic 

importance. The upper p a r t  of t he  l l i s s i s s ipp ian  i s  Chester i n  age and 

c o n s i s t s  of a s e r i e s  of l imestones,  sha l e s ,  and sandstones t h a t  a r e  

c y c l i t i c  i n  na ture .  The sandstones produce and have produced s i g n i f i -  

can t  amounts of o i l  and gas s i n c e  1920. The rocks below t h e  Chester 

a r e  pr imar i ly  carbonates  bu t  wi th in  the  top  60 m t h e r e  a r e  four  o r  

more o o l i t i c  l imestone s e c t i o n s  which produce o i l  i n  economic q u a n t i t i e s .  

I n  a d d i t i o n  t o  t h e  Rough Creek f a u l t  system t h e r e  a r e  two o t h e r  

f a u l t  systems of some prominence: t h e  blabash f a u l t  zone, s t r i k i n g  

approximately N20°E i n  t h e  IW s e c t i o n  of t he  Landsat frame, and t h e  

Pennyr i le  f a u l t  system extending from t h e  l l i s s i s s i p p i  Embayment (a  

Cretaceous overlap)  i n  t h e  SW corner  of t h e  frame, from where i t  s t r i k e s  

NE and bends approximately e a s t  ac ros s  t he  frame. 

For more d e t a i l  on t h e  geology and geomorphology, s ee  Appendices A 

and B. 
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INTERPRETATION 

From t h e  o u t s e t ,  t h e  i n t e n t  of t h i s  p r o j e c t  was t o  keep t h e  

geology of t h e  reg ion  paramount and t o  i n t e r p r e t  remote sens ing  i n  

terms of t h e  f u l l e s t  poss ib l e  understanding of t h e  geology of t h e  t e s t  

s i t e .  Toward t h i s  end geologic consu l t an t s  wi th  experience i n  t h e  

reg ion  were i n v i t e d  t o  i n t e r p r e t  t h e  imagery and adv i se  on t h e  use  of 

remote sensing. I n  add i t i on  background r e p o r t s  were prepared on t h e  

geologic  h i s t o r y ,  s t r u c t u r e ,  geomorphology, and r ecen t  sedimentation 

of t h e  region. A f i e l d  t r i p  w a s  taken e a r l y  i n  t he  p r o j e c t  per iod us ing  
I 

prel iminary remote sensing imagery t o  ga in  c l o s e  acquaintance wi th  

t h e  region.  

Both remote sensing da t a  products  and geologic  maps and r e p o r t s  

w e r e  f i r s t  obtained. The f i r s t  remote sensing d a t a  product t o  be  used 

w a s  t h e  Landsat frame of t he  area.  This  frame w a s  p r in t ed  at  a 

1:250,000 sca l e ,  and t o  c l o s e l y  r e l a t e  a l l  phases of geology, same- 

s c a l e  over lays  w e r e  prepared on t r anspa ren t  p l a s t i c  of t h e  fol lowing 

.items: 

1. O i l  and gas f i e l d s  

2. Fau l t  systems 

New Albany s h a l e  isopachs 

Stream p a t t e r n s  

Surf ace  f a u l t s  

New Albany s h a l e  s t r u c t u r e  

S o i l  types i n  Indiana 

Near su r f ace  structi . trp 

Center coord ina te  base nap 

Topographic contours of Nashvi l le  quadrangle 

Topographic contours  of Evansvi l le  quadrangle 



After the  e a r l y  f i e l d  t r i p  t o  the  Moorman Syncline, i n t e r p r e t e r s  

f i r s t  marked lineaments on overlays a t  1:250,000 on t h e  e n t i r e  Landsat 
I 

frame. This was done individual ly .  A meeting was then held a t  ERIM 

i n  Ann Arbor t o  d iscuss  t h e  geology, gain some consensus of t h e  

individual  perception of "lineaments", attempt t o  f l a g  the  most 

convincing of the  lineaments, search f o r  other f ea tu res  such as 

arcuate  s t ruc tu re ,  and s e l e c t  smaller areas f o r  more in tens ive  in terpre-  

t a t ion .  

The r e s u l t  of t h i s  and a following meeting i n  Iforgantown, w a s  t o  

s e l e c t  three  a reas  on t h e  eas tern  edge.of the  Landsat frame f o r  more 

in tens ive  study. These a reas  were then pr in ted  a t  a l a rge r  s c a l e  of 

1:100,000, and d i s t r i b u t e d  t o  the  i n t e r p r e t e r s .  These areas  a r e  shown 

i n  Figure 1. A 1:1,000,000 color composite of the  frame i s  shown i n  

Figure 2. 

Several enhancement procedures were then performed on the  imagery 

a s  described i n  Section 5. The d i f f e r e n t  da ta  products were then 

examined and individual ly  re in terpre ted ,  and i n  some cases evaluated 

a s  to  t h e i r  s ignif icance.  

I n  a f i n a l  two-day meeting, t h e  imagery w a s  examined i n t e r a c t i v e l y  

on a color monitor, and two r e l a t i v e l y  smal l -areas  were se lec ted  a s  

having the  most p o t e n t i a l  for  gas exploration. During t h e  f i r s t  day 

of t h e  meeting t h e  Landsat ipagery w a s  examined on an i n t e r a c t i v e  color  

monitor a t  a s c a l e  of approximately 1:40,000. Thirty-five mil l imeter  

t ransparencies of the  images on the  color  monitor were obtained with an 

associated three-gun CRT and a matrix camera. Project ions of these 
I 

t ransparencies were then viewed the  following day. From these  project ions,  

de ta i l ed  in te rp re ta t ions  of t h e  two se lec ted  loca t ions  were made f i n a l .  

These f i n a l  in te rp re ta t ions  were t h e  r e s u l t  of three  i n t e r p r e t e r s  

viewing, marking, and discussing t h e  ava i l ab le  imagery, and evaluating 

it i n  terms of t h e  known geophysical background of the  region. 







This  procedural  method, suggested by Claude Dean, i s  h ighly  

recommended. The one change should be t h a t  t he  i n t e r p r e t e r s  should 

meet more o f t en .  

3.2 RESULTS 

Landsat frame p a t h  23, row 34 shows many i n t e r p r e t a b l e  l ineaments.  

Some a r e  pervas ive  and long, whi le  some are r e s t r i c t e d  i n  length .  The 

s i m i l a r i t y  between the  published t e c t o n i c  map and t h e  lineaments found 

on t h e  imagery shows t h a t  t h e  imagery is  indeed revea l ing  known major 

f a u l t s .  When comparing wi th  maps one Can s e e  t h a t  t h e r e  are only  

a few p laces  where e s t ab l i shed  major f a u l t s  do n o t  correspond wi th  a 

lineament seen on the  imagery. I n  add i t i on ,  t h e r e  a r e  many similar 

imagery lineaments which do not correspond t o  mapped f a u l t s .  Because 

some of t he  known f a u l t s  areonlyknown from w e l l  da t a ,  no t  being 

manifested a t  t h e  su r f ace ,  one suspec ts  t h a t  t he  imagery i s  revea l ing  

c u r r e n t l y  unknown f a u l t s .  

The Landsat imagery appears  t o  be  d e l i n e a t i n g  s u b t l e  su r f ace  

changes which are no t  d e t e c t a b l e  otherwise. The Landsat zones tend 

t o  be broad, whereas t h e  t e c t o n i c  maps i n d i c a t e  f a u l t s  by narrow l i n e s  

o r  groups of l i n e s .  The g r e a t e r  d e t a i l  i n  t h e  f a u l t  zones shown on 

the  t e c t o n i c  maps probably is ,  i n  p a r t ,  a matter of s ca l e .  Geologists  

u sua l ly  t a l k  of f a u l t  zones, and then  draw a s i n g l e  l i n e  on t h e  map t o  

represent  t h a t  zone. The p a r a l l e l i s m  and proximity of l ineaments t o  

f a u l t s  probably r e f l e c t s  t he  zonal n a t u r e  of t he  f a u l t s ,  and i n  t h a t  

sense, t h e  imagery may be more accu ra t e  than  t h e  published t e c t o n i c  

maps. 

The e n t i r e  Landsat frame i s  r i c h  wi th  d i s c e r n i b l e  l ineaments f o r  

which t h e r e  i s  no c u r r e n t  geologica l  explanat ion.  These l ineaments  

a r e  most o f t e n  tona l ,  and are not  r e l a t e d  t o  topography. For example, 

t h e  shaded r e l i e f  map prepared by computer us ing  d i g i t i z e d  topographic 



da ta  from Defense Mapping Agency prepared tapes (Bateson and Edwards, 

1975) d id  n o t  show lineaments corresponding t o  the  tonal  Landsat. 

It i s  c l e a r  when comparing t h e  lineament and t ec ton ic  overlays with 
,-, :Lz 1' t5tr , 

t h e  images t h a t  most f a u l t s  a r e  expressed on t h e  image. There a re ,  :-j')~ * +. - 
'Y !'I 

however, many prominent lineaments t h a t  a r e  not presently mapped a s  ., , 

f a u l t s .  tiany of these  lineaments a r e  presumed t o  be f a u l t  zones, and 

one should be  a b l e  t o  construct  a more accurate tec tonic  map based on 

"reasonable" i n t e r p r e t a t i o n  of the  images. The word "reasonable" i s  

used with i n t e r p r e t a t i o n  because of the  profuseness of the  lineaments 

t h a t  could be mapped. Some of the  lineaments may no t  be f a u l t s  but 

zones of in tense  jo in t ing,  some may be l i t h o l o g i c  contacts ,  and some 

may be randomly or iented  pat terns  which appear t o  l i n e  up as v a l i d  

geologic fea tures .  

There a r e  a g rea t  many lineaments t h a t  could be mapped; too many, 

i n  the  sense t h a t  i f  a l l  lineaments were marked, the  r e s u l t i n g  maps 

would be a mass of  confused in te r sec t ing  liaes, so-called "chicken- 

track" maps. Figure 3 shows the r e s u l t s  when a l l  suspected lineaments 

from two in te rp re ta t ions  a r e  mapped. W e  have, therefore,  r e s t ra ined  

ourselves t o  t h e  most prominent lineaments so  f a r  a s  a r a t i o n a l e  f o r  

se lec t ing  p o t e n t i a l  shale  gas w e l l  s i t eg .  

Two d i f f e r e n t  types of r e s u l t s  a r e  evident. The f i r s t  is  t h e  

pervasive, long lineaments which may ind ica te  major s t r u c t u r e s  which a r e  

present ly  unknown. The overlay on Figure 2 indica tes  four  of these. 

The f i r s t  is  the  long p a i r  of lineaments marked 1 on t h e  overlay. 

This lineament is  a tona l  gradation which is l i t t l e  r e l a t e d  t o  topo- 

graphy, and extends most of the  d is tance  across the  Landsat frame. 

Note t h a t  the  upper lineament of the  pa i r  a l i g n s  with an almost 

anomalous s t r a i g h t  sec t ion of the  Ohio River with sharp bends a t  each 

end of the  sec t ion,  proceeds through and a l i g n s  with an approximately 

20 km dogleg of the  Rough Creek f a u l t ,  and continues t o  extend i n  t h e  

same d i rec t ion  toward t h e  northeast  a f t e r  i t  leaves the  Rough Creek 



Figure 3. COMPUTER-DmWN DISPLAY OF A CO?IFII?ATION OF 
TWO INTEWRETERS' LINEAMENTS ON LANDSAT IMAGE 

A. Lineaments 
B. Lineaments F i l t e red  Between E15ON and E45ON 
C. Density of Lineaments within 30 x 30 km 

areas. IJuntbers represent lineaments cross- 
ing o r  terminating i n  area.  

D. Rose Diagram with l o 0  Angular Resolution 



f a u l t .  The p a r a l l e l  l ineanent  approximately 7 km t o  t h e  south a l s o  

extends f o r  a long distance.  

These lineaments a r e  not mapped. The probabi l i ty  t h a t  they can 

be so  d e f i n i t e  and extend so f a r  i n  the  same d i rec t ion  mi t igates  agains t  

these  being image a r t i f a c t s  o r  random alignments having nothing t o  do 

with s t ructure .  But, of course, i t  i s  s t i l l  poss ib le  t h a t  they a r e  

random and independent of s t ruc tu re .  I f  they a r e  r e l a t e d  t o  s t r u c t u r e  

they would be very important f o r  the  understanding of the  regional  

tectonics.  

The second pervasive lineament, labeled 2 on the overlay of 

Figure 2, is  t h e  s t r a i g h t  lineament lying NU-SE t o  the  north of the  

Green River, and has been alluded t o  before. This lineament i s  so  

s t r a i g h t  and extends for  such a dis tance  t h a t  i t  might be s t r u c t u r a l l y  

control led.  On t h e  imagery, i t  appears t o  form the  NE boundary of t h e  

Zloorman Syncline, and may r e l a t e  t o  bedding planes, but t h e  s l i g h t  d i p  

in  the  region would make it implausible t h a t  the  s t ra ightness  could be 

maintained f o r  such a d is tance  without some s t r u c t u r a l  control .  

A th i rd  lineament system is  located a t  l a b e l  3 on the  overlay of 

Figure 2. These p e r s i s t e n t  BE trending lineaments were in terpre ted  a s  

very apparent on the  imagery by a l l  i n t e r p r e t e r s  when the  ava i l ab le  

tec tonic  maps showed no f a u l t s  i n  t h i s  region. The latest s t r u c t u r a l  

nap which has not y e t  been released t o  the  general public (Kentucky 

Geological Survey) shows some fau l t ing  i n  t h i s  area.  

The four th  example of pervasive lineaments is shown a t  l a b e l  4 of 

the overlay on Figure 2. Essent ia l ly  t h i s  indica tes  t h a t  the  Wabash 

f a u l t  system nay be extended through Hicks Dome; t h i s  persistence 

through Hicks Dome i s  not current ly  mapped. The viewing of Landsat on 

the  color monitor w a s  very convincing t o  the  three  i n t e r p r e t e r s  t h a t  a 

lineament which connected t o  t h e  Wabash f a u l t  system proceeded d i r e c t l y  

through the  dome. Again i t  should be emphasized t h a t  t h e  existence of 



an interpreted lineament on remote sensing images does not mean t ha t  

an actual  s t ruc tura l  feature  ex i s t s ,  and no claim i s  being made t ha t  

the  Wabash f a u l t  system does proceed through the  dome. The point 

here is  tha t  there  is an indication,  a p laus ib i l i ty ,  t h a t  such an 

extension is possible, and such an indicat ion is worthy of fu r ther  

investigation.  We do not wish t o  depart from the viewpoint t h a t  remote 

sensing is  used f o r  reconnaissance. 

3.3 AREAS WORTHY OF FURTHER EXPLORATIVE STUDY 

A s  a r e su l t  of t he  last meeting, two localized a reas  were chosen 

which were deemed worthy of fur ther  evaluation and exploration a s  

possible t e s t  sites for  black shale  gas w e l l s .  The Landsat imagery 

on t he  color monitor and subsequent 35 nun projections were examined 

i n  d e t a i l  by three  in te rpre te r s  a t  the  f i n a l  in te rpre ta t ion  meeting. 

Using t h e  year ' s  experience and comparing with maps of t he  o i l  and gas 

f i e ld s ,  known f a u l t s ,  geophysical features ,  geologic features,  black 

shale s t ructure ,  and black shale  isopachs, they recommend the  two 

areas shown i n  Figures 4 and 5. 

- A  great  many features  which could be in terpreted a s  f a u l t s  and 

f a u l t  zones w e r e  c lea r ly  v i s i b l e  on the  imagery, but i n  many cases the  

fau l t ing  had not  been mapped. Various geological f e a t u r i s  were 

dist inguishable by tonal  changes -- par t i cu la r ly  so along t he  southern 

f lank of the  I l l i n o i s  Basin and i n  t he  lloorman Syncline. 

The two locat ions  a r e  in the Big Bend area of the  Green River and 

the Breckenridge-Hancock area. A port ion of the Evansville quadrangle 

USGS map is shown i n  Figare 4, the  Big Bend area suggested fo r  fu r ther  

exploration is shown within the  so l i d  c i rc le .  The lineaments in te r -  

preted on the  imagery a r e  marked. Not only the  imagery lineaments 

influenced these selections,  but t he  known geology and geophysics were 

noted i n  terms of possible black shale gas production. 



- - . __ 
Figure 4.  BIG BEND AREA OF GREEN SIVm (ENCLOSED IF LIGYT CIRCLE) 

Selected for further exploration for potential gas 
production. Solid l i n e s  are lineaments, dashed l ines  
enclose tonal anomalies. Long vert ical  lineament 
extends almost the length of the Landsat frame. 
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The reasons for se lect ing the Big Bend area a r e  a s  follows: 

1. It is the  l a rges t  drainage anomaly along the  Green River. 

2. The loop within the drainage anomaly lies within the  tonal  

anomaly and extends NE-SW. 

3. There is a topographic anomaly associated with t he  tonal  

anomaly; t ha t  is, the  a rea  along the  anomaly is topographically 

lower than t he  ad j acent area. 

4. Cross-lineaments trending NW-SE, EW, and one l a rge  lineament 

trending NS in t e r s ec t  wi th in . the  area  of t he  anomaly. 

5 .  A major f a u l t  l i e s  within the  area jus t  t o  the  south and has 

been mapped t o  approach t he  Green River. 

6. The floodplain changes i n  the  area  associated with t he  crossing 

of the  EW trending lineaments -- and there  a r e  smaller stream 

habi t  &omalies, t h a t  is, the  floodplain bends within the  

main loop associated with these EW trending lineaments. 

7. Recent surface mapping i n  the area  shows a regional f l a t t en ing  

of dip suggesting a deeper s t ructure .  

8. Gravity and magnetic trends of the  area  in te r sec t  along the  

anomaly. 

9. There is su f f i c i en t  New Albany shale thickness in the  a rea  -- 
around 60 meters. 

10. The New Albany shale  is a t  a reasonable d r i l l i n g  depth -- 
approximately 760 meters. 

The Big Bend area lies w e l l  south and north of any production from 

the  shale so t h a t  it is t ru ly  a wildcat area. 

The Breckearidge-Hancock area is shown i n  Figure 5. 

The reasons f o r  se lect ing the  Breckenridge-Hancock anomaly fo r  

fur ther  evaluation and exploration are as follows: 



1. There is  a  d ra inage  anomaly a long  t h e  Ohio River .  

2. There  i s  a n  o l d  g a s  f i e l d  (abandoned) w i t h  r e p o r t e d  shows of 

g a s  from t h e  New ~ l b a n ~  s h a l e  i n  t h e  town of Cloverpor t .  

3 .  The meander loop  of t h e  streams p a r a l l e l s  t h e  l ineament  t r e n d s .  

4 .  T h i s  i s  an a r e a  of c r o s s i n g  l ineaments  t h a t  a r e  r e g i o n a l  and 

apparen t  t o  a l l  t h r e e  i n t e r p r e t e r s .  These a r e :  

a )  NS l ineament  of t h e  Big Bend a r e a  noted above.  

b) NE t r e n d i n g  r e g i o n a l  l ineament  from Hicks Dome c r o s s e s  

j u s t  s o u t h  of t h e  meander loop.  

c )  Local  NE t r e n d i n g  l ineaments  p r i m a r i l y  j u s t  t o  t h e  e a s t  

of t h e  a r e a ,  and EW t r e n d i n g  l ineaments  j u s t  a t  t h e  

n o r t h  edge of t h e  anomaly. 

5. A w e l l  completed i n  t h e  b l a c k  s h a l e  some seven m i l e s  t o  t h e  

NW t e s t e d  200,000 c u b i c  f e e t  pe r  day ,  but  was abandoned because 

of t h e  low p r i c e  of g a s  ( 2 7 ~ )  a t  t h e  t ime of d r i l l i n g  and a  

presumed h i g h  n i t r o g e n  c o n t e n t .  The n i t r o g e n  c o n t e n t  is  thought 

t o  be  a f u n c t i o n  of t h e  method o f . s a m p l i n g  t h e  gas ,  and may 

n o t  be  r e l i a b l e .  

6 .  The s h a l e  t h i c k n e s s  i s  45 mete r s ,  s u f f i c i e n t  f o r  commercial 

product ion.  

7. Thc o h a l c  i c  a t  a  r c a s o n a b l c  dcp th  f o r  d r i l l i n g  : 460.metcrs.  

The d e t r a c t i n g  a s p e c t s  of t h e  Breckenridge-Hancock a r e a  a r e  t h e  

l a c k  of nap s t r u c t u r i n g  i n  t h e  a r e a  and t h e  l a c k  of any a s s o c i a t e d  

g r a v i t y  o r  magnetic t r e n d s  i n t e r s e c t i n g  w i t h i n  t h e  a r e a .  

To summarize t h e  r e s u l t s  of i n t e r p r e t a t i o n :  

1. Almost a l l  mapped s t r u c t u r e s  show on t h e  Landsat  c o l o r  

composite as l ineaments .  However, f a u l t s  on maps. a r e  drawn 

w i t h  narrow l i n e s ,  whereas t h e  imagery shows wider t o n a l  zones. 



2. Many o t h e r  l ineaments  c l e a r l y  show on t h e  imagery which do 

n o t  correspond t o  s u r f a c e  mapped f a u l t s .  The consensus  of 

t h e  i n t e r p r e t e r s  is t h a t  t h e s e  could  indeed be f a u l t s  o r  

o t h e r w i s e  s t r u c t u r a l l y  c o n t r o l l e d .  So many image l i n e a m e n t s  

occur  t h a t  on ly  t h e  more obvious  ones  can be  reasonab ly  

i n v e s t i g a t e d .  

3 .  The lineaments rend EO follow e s r a b l i s h e d  rrends, and seldom 

v i o l a t e  t h e  c u r r e n t l y  i n f e r r e d  s t r u c t u r e .  

4. The image l ineaments  a r e  n o t  s u b s e r v i e n t  t o  t h e  topograph ic  

e x p r e s s i o n ,  i n d i c a t i n g  t h a t ; i f  they do r e p r e s e n t  f a u l t s ,  

t h e y  could  be missed i n  g e o l o g i c  s u r f a c e  mapping. 

5. Some l i n e a m e n t s  a r e  p e r v a s i v e  and l e n g t h y .  I f  any of t h e s e  

r e p r e s e n t  f a u l t i n g ,  major s t r u c t u r a l  r e v i s i o n  would be i n d i -  

c a t e d .  Also,  mapped f a u l t s  appear  t o  b e , e x t e n d e d ,  such as t h e  

Wabash through Hicks Dome. 

6. Areas e x i s t  where l ineaments  come t o g e t h e r ,  and where o t h e r  
I 

g e o l o g i c  f e a t u r e s ,  i n c l u d i n g  t h e  dep th  and i sopachs  of t h e  

New Albany s h a l e ,  a r e  f a v o r a b l e  f o r  p o t e n t i a l  g a s  p roduc t ion .  

Two such l o c a l i z e d  a r e a s  were chosen. F u r t h e r  e x p l o r a t i o n  of 

t h e s e  two a r e a s  i s  s t r o n g l y  recommended. 

7 .  D e s p i t e  t h e s e  h i g h l y  f a v o r a b l e  r e s u l t s ,  we c o n s i d e r  remote 

s e n s i n g  t o  b e  a  reconna i ssance  t echn ique  which a i d s  i n  

f o c u s i n g  ground-based i n v e s t i g a t i o n s  such a s  geaphys ics .  The 

a c t u a l i t y  of f a u l t s  and f a v o r a b l e  s t r u c t u r e s  i s  a  q u e s t i o n  

which must be decided by f u r t h e r  ground-based i n v e s t i g a t i o n s ,  

and n o t  by c o n j e c t u r e ,  no m a t t e r  how p l a u s i b l e  on t h e  imagery. 
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DATA PRODUCTS AND ANALYSIS 

The s a t e l l i t e  imagery used f o r  t h i s  p r o j e c t  was t h a t  o b t a i n a b l e $  

over  Landsat  frame P23 R34; Landsat ,  S e a s a t ,  and Skylab images and 

t a p e s  were ob ta ined .  

Three Landsat MSS t a p e s  were acqu i red  f o r  t h e  fo l lowing  d a t e s :  

May 10,  1977 (828 3915 294500) 

December 1 7 ,  1976 (826 9515 360500) 

March 22, 1976 (824 251 5443500). 

One frame ( f o u r  quadran t s  of Landsat  Return Beam Video (RBV) on 

June  1, 1978 (830008815480XA, XB, XC,  XD). 
a 

Seven Skylab images were ob ta ined  f o r  t h e  fo l lowing  d a t e s .  Because 

t h e  Skylab images cover  o n l y  p o r t i o n s  o f  t h e  Landsat  frame, t h e  i n d i v i d u a l  

images a r e  of d i f f e r e n t  a r e a s .  

November 30, 1973 (COL G408090034000) 

November 30, 1973 (CIR G40A051062000) 

November 30, 1973 (COL ~408090033000) 

June 10,  1973 (BIR G20A008240000) 

June  10,  1973 (BIR G20A007243000) 

June  10,  1973 (COL~G20A010259000) 

June 10 ,  1973 (B&W G20A012243000) 

B0t.h o p t i c a l l y  and d i g i t a l l y  processed S e a s a t  s y n t h e t i c  a p e r t u r e  

radar  images were ob ta ined  : 

June  4 ,  1979 (Revolut ion 565) 

June 25, 1979 (Revolut ion 766) 

June  29, 1979 (Revolut ion 788) 

No NASA h i g h - a l i t u d e  imagery was found over  t h e  t h r e e  1:100,000 test 

s i t e s .  



A l l  p e r t i n e n t  maps and l i t e r a t u r e  were ob ta ined  from t h e  Kentucky 

Geolog ica l  Survey; t h e s e  included Geologic Quadrangle (GQfs) f o r  t h e  

1:100,000 'test s i t e s ,  g r a v i t y ,  magnet ic ,  s t r u c t u r e ,  New Albany ' s h a l e  

i s o p a c h s  and d e p t h s ,  o i l  and g a s  f i e l d s ,  and con tour  maps of t h e  r e g i o n .  

L i t e r a t u r e  i n c l u d e d  many r e p o r t s  from NRC on t h i s  and a d j o i n i n g  mid- 

c o n t i n e n t  r e g i o n ,  a s  w e l l  a s  Kentucky Geolog ica l  Survey a r t i c l e s .  

A s  s t a t e d  i n  t h e  i n t e r p r e t a t i o n  and d i s c u s s i o n  s e c t i o n ,  Landsar 

c o l o r  c o ~ p o s i t i n g  was p r i m a r i l y  used f o r  i n t e r p r e t a t i o n ,  a l t h o u g h  s e v e r a l  

t y p e s  o f  enhancements were performed on t h e  imagery: 

1. Color Compositing 

A means of p r e s e n t i n g  m u l t i c h a n n e l  d a t a  i n  one image, c o l o r  

composi t ing h a s  become popular  f o r  Landsat  d a t a . .  Three 

channe l s  are commonly used,  w i t h  each channe l  r e p r e s e n t e d  by ,~ 

a pr imary ( o r  n e a r  pr imary)  c o l o r .  Landsat  MSS bands 4 ,  5 ,  

and 7 were composited,  each  band r e p r e s e n t e d  by a  s e p a r a t e  

c o l o r .  Band 4  w a s  imaged i n  b l u e ,  band 5  i n  g reen ,  and band 7 

i n  r e d .  Almost a l l  t h e  i n t e r p r e t a t i o n  w a s  based on Landsat  

c o l o r  composi tes .  

2 .  R a t i o i n g  

Rat ioed Landsat  MSS bands were c o l o r  composited.  The t h r e e  

r a t i o s  w e r e  415 ( b l u e ) ,  516 ( g r e e n ) ,  and 617 ( r e d ) .  

3 .  Edge-Enhancement 

To a t t e m p t  t o  i n c r e a s e  c o n t r a s t ,  edge-enhanced images were 

p repared .  These a r e  produced by r e p l a c i n g  a  p i x e l ' s  v a l u e  by 

t h e  d i f f c r e n c c  bctwccn i t s  v a l u c  and t h c  avcragc  v a l u c , o f  a 

s e l e c t e d  number of p i x e l s  su r rounding  t h e  p i x e l .  T h i s  h a s  t h e  

e f f e c t  o f  high-pass f i l t e r i n g .  A c o l o r  composite was made of 

edge-enhanced bands 4 ,  5 ,  and 7 ,  u s i n g  t h e . a v e r a g e  of 9 p i x e l s .  

4. O p t i c a l  F o u r i e r  Transforms 

Transparenc ies  were made o f  Landsat  band 5 ,  and p laced  i n  a  

Fraunhofer  d i f f r a c t i o n  o p t i c a l  system, a s  d e s c r i b e d  by 



Jackson (1979).  The purpose w a s  t o  de te rmine  d i r e c t i o n a l  

t r e n d s  i n  t h e  imagery. S i x t e e n  over lapp ing  s e c t i o n s ,  each 

r e p r e s e n t i n g  approximately  50 km2, were F o b r i e r  t ransformed 

i n  a Fraunhofer  d i f f r a c t i o n  s e t u p .  The t rans forms  were observed,  

and photographs made w i t h  v a r i a t i o n  of exposure  l e v e l s .  The 

d i f f r a c t i o n  w a s  i s o t r o p i c  excep t  on one t ransparency .  T h i s  

t r ansparency ,  c e n t e r e d  on Union County, caused d i f f r a c t i o n  

weighted i n  t h e  14 40°W d i r e c t i o n ,  which would i n d i c a t e  l i n e a l  

t r e n d s  i n  t h e  E 40°N d i r e c t i o n .  

5. Level  and Color  S l i c i n g  

E s s e n t i a l l y  t h e s e  a r e  performed when .prepar ing  c o l o r  composi tes  

o r  viewing on t h e  c o l o r  moni tor .  A h i s togram of image 

i n t e n s i t y  l e v e l s  i s  prepared ,  and ass ignment  of i n t e n s i t y  l e v e l s  

i s  made..for i t s  t h r e e  bands. I n  c o l o r  s l i c i n g ,  t h e  ba lance  

between t h e  t h r e e  c o l o r s  is a d j u s t e d  f o r  r e l a t i v e  i n t e n s i t i e s  

t o  enhance d e s i r e d  f e a t u r e s .  

6 .  Shaded Xel ief  Images 

Using d i g i t i z e d  topographic  d a t a ,  shaded r e l i e f  maps were 

prepared u s i n g  t h e  method of  Bateson e t  a 1  (1975).  The d i g i -  

t i z e d  d a t a  can  be used i n  computing t h e  shadows t h a t  would be 

produced by t h e  sun a t  a s e l e c t e d  azimuth,  e l e v a t i o n  and viewing 

a n g l e .  A shaded r e l i e f  map w a s  made f o r  t h e  N a s h v i l l e  quad- 

r a n g l e  w i t h  t h e  "sun" p laced  a t  30' e l e v a t i o n  i n  t h e  NW. 

7 .  Dens i ty ,  F i l t e r i n g  and Rose Diagram of I n t e r p r e t e d  Lineaments 

A f t e r  i n t e r p r e t e r s  have drawn l ineaments  on o v e r l a y s ,  t h e  

1.i.neaments are e n t e r e d  i n t o  a computer memory. From t h e s e  d a t a ,  

l ineaments  maps, l ineament  maps f i l t e r e d  f o r  b o t h  d i r e c t i o n  and 

l e n g t h ,  d e n s i t y  of l ineaments ,  and a r o s e  diagram a r e  drawn, a s  

shown i n  F igure  3. The d e n s i t y  "boxes" shown a r e  30 km x 30 km, 

and t h e  numbers i n d i c a t e  t h e  number o f  l ineaments  c r o s s i n g  o r  

t e rmina t ing  w i t h i n  t h e  box. 



8. Gradient  F i l t e r i n g  

A d i r e c t i o n a l  method of f i l t e r i n g  (Jackson and Wagner, 1979) 

was a p p l i e d  t o  Landsat  band 5 t o  a t t e m p t  t o  enhance t h e  image 

of suspec ted  l ineaments .  E s s e n t i a l l y  t h e  d i r e c t i o n  o f  t h e  

g r a d i e n t  (o r thogona l  t o  a l ineament  d i r e c t i o n )  i s  found, and 

o n l y  p i x e l s  whose g r a d i e n t  i s  w i t h i n  a s e l e c t e d  a n g u l a r  wid th  

a r e  r e t a i n e d  i n  t h e  image. Greymaps were made of these images, 

a s  w e l l  as d i r e c t i o n a l  h i s tograms  ( r o s e  diagrams) .  

9.  Automatic S e l e c t i o n  o f  Lineaments by D i g i t a l  Computer 

L a t e  i n  t h e  p r o j e c t  t ime  per iod  we l e a r n e d  o f  a n  au tomat ic  

l ineament  d e t e c t i o n  program o f  a n  i n d u s t r i a l  concern which had 

l e a s e d  t h e  a l g o r i t h m  t o  a  major o i l  company f o r  e x p l o r a t i o n  

purposes .  T e s t  s i t e  3 was chosen and a n  automat ized l ineament  

map purchased.  It i s  d i s s i m i l a r  t o  t h e  g e o l o g i s t s '  i n t e r p r e t a -  

t i o n .  

To summarize,many, b u t  n o t  a l l  a v a i l a b l e  images were o b t a i n e d ,  and 

s e v e r a l ,  b u t  n o t  a l l  t y p e s  of enhancement and a n a l y s i s  were a t t empted .  

For example, d u r i n g  t h i s  pe r iod  a new t y p e  of image a t  a  v e r y  s m a l l  

s c a l e  became a v a i l a b l e  - h e a t  c a p a c i t y  mapping. Our awareness  o f  t h i s  

a v a i l a b i l i t y  came too  l a t e  t o  o b t a i n  t h i s  imagery. Also,  r e c e n t l y  

ERIi4 h a s  o b t a i n e d  new a l g o r i t h m s  f o r  d e s t r i p i n g ,  edge-enhancing o u t  

t o  100 p i x e l s  i n  e a c h  d i r e c t i o n ,  and merging edge-enhanced w i t h  

non-edge-enhanced images -- t o o  l a t e  f o r  i n c l u s i o n  i n  t h i s  work. 

These l a t t e r  a r e  mentioned t o  emphasize t h a t  new p r o d u c t s  and 

t echn iques  a r e  c o n t i n u a l l y  be ing  developed,  and may add g r e a t l y  t o  t h e  

q u a l i t y  of i n t e r p r e t a t i o n  i n  t h e  f u t u r e .  

A s  . s t a t e d  i n .  t h e  i n t e r p r e t a t i o n  s e c t i o n ,  c o l o r  composite d a t a  was 

a lmost  e x c l u s i v e l y  used. The o t h e r  enhancements c o n t r i b u t e d  

n e g l i g i b l y  t o  t h e  i n t e r p r e t a t i o n .  The p r o d u c t s ,  enhancements, and 

a n a l y s e s  a r e  a r c h i v e d  a t  ERIM f o r  p o s s i b l e  f u t u r e  o r  more i n t e n s i v e  

s tudy .  
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DISCUSSION 

The c o n c l u s i o n  of t h e  t h r e e  f i n a l  i n t e r p r e t e r s  i s  t h a t  t h e  remote 

sens ing  imagery h a s  shown t h e  p o s s i b i l i t y  of geo log ic  s t r u c t u r a l  

f e a t u r e s  which have n o t  y e t  been mapped. These p o s s i b l e  s t r u c t u r e s  occur  

i n  a r e a s  where o t h e r  c h a r a c t e r i s t i c s  are f a v o r a b l e  f o r  s h a l e  g a s  pro- 

duc t ion .  P a r t i c u l a r l y  t h e  dep th  and t h i c k n e s s  of t h e  New Albany s h a l e  

a r e  f a v o r a b l e .  I n  a d d i t i o n  p e r s i s t e n t ,  long  l ineaments  on t h e  imagery 

might i n d i c a t e  f a u l t i n g  o r  f r a c t u r i n g  which would r e q u i r e  r e v i s i o n  o f  

t h e  s t r u c t u r a l  d e s c r i p t i o n  of t h e  r e g i o n .  I n  t h i s  s e n s e  t h e  r e s u l t s  of 

t h i s  i n v e s t i g a t i o n  were f a v o r a b l e .  However, t o  be u s e f u l  a s  w e l l  a s  

f a v o r a b l e  r e q u i r e s  geophys ica l  v a l i d a t i o n  of t h e s e  f e a t u r e s  on t h e  

imagery. 

The reconna i ssance  n a t u r e  of remote s e n s i n g  should a g a i n  be 

emphasized. It i s  t h e  economical f i r s t  s t e p  i n  e x p l o r a t o r y  s t u d i e s ,  

and should b e  used t o  more e f f i c i e n t l y  employ expensive  ground-based 

t echn iques .  The g e o l o g i c  and v e g e t a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  

r e g i o n  appear  t o  make i t  s u i t a b l e  f o r  e f f e c t i v e  remote s e n s i n g  i n v e s t i -  

g a t i o n .  

Although t h e  i n t e r p r e t e r s  f i n i s h e d  on an  o p t i m i s t i c ,  f a v o r a b l e  n o t e ,  

c a u t i o n  i s  s t i l l  adv i sed .  I n t e r p r e t i n g  images i s  a  q u a l i t a t i v e , .  

s u b j e c t i v e  o p e r a t i o n .  I n  a d d i t i o n ,  t h e  images o n l y  r e v e a l  t h e  s u r f a c e ,  

where t h e  i n t e r p r e t a t i o n  is a p p l i e d  t o  c h a r a c t e r i s t i c s  a t  dep th .  

Lineaments a r e  c o n t r o v e r s i a l ,  n o t  o n l y  i n  t h e  ve ry  e x i s t e n c e  of 

i n d i v i d u a l  l ineaments ,  b u t  i n  t h e i r  i n t e r p r e t a t i o n .  An i n t e r p r e t e r  can  

d i s c o v e r  and i d e n t i f y  sub.t ' le l ineaments  which c u r r e n t  p a t t e r n  r e c o g n i t i o n  

technology cannot  d i s c e r n  o r  even' i d e n t i f y  when they  Gave been 

d i sce rned  v i s u a l l y .  . T h i s  f a c t  o f t e n  makes image l ineaments  s u b j e c t i v e ,  

and r e f l e c t s  t h e  i n c l i n a t i o n ,  h a b i t s ,  and v i s u a l  pathology of t h e  

i n t e r p r e t e r ' .  S u b t l e ,  marg ina l  l ineaments  a r e  o f t e n  impor tan t ,  f o r  t h e  



obvious  l ineaments  a r e  more l i k e l y  t o  be caused by known f r a c t u r e s  

which have a l r e a d y  been mapped on t h e  s u r f a c e ,  r e q u i r e  no c o n f i r m a t i o n ,  

and t h e r e f o r e  do n o t  add t o  g e o l o g i c  unders tand ing .  

The Glossa ry  o f  Geology of t h e  A G I  d e s c r i b e s  l ineaments  a s  f o l l o w s :  

Lineament: S t r a i g h t  o r  g e n t l y  curved,  l e n g t h y  f e a t u r e s  of 
t h e  e a r t h ' s  s u r f a c e ,  f r e q u e n t l y  expressed t o p o g r a p h i c a l l y  a s  
d e p r e s s i o n s ;  t h e s e  a r e  prominent on r e l i e f  models, h i g h  
a i f i t u d e  a i r  phOt6graphS, and radar imagery. Their nlea~~lug 
h a s  been much deba ted ;  some c e r - t a i n l y  e x p r e s s  v a l i d  s t r u c t u r a l  
f e a t u r e s ,  such as f a u l t s ,  a l i g n e d  vo lcanoes ,  and zones of 
i n t e n s e  j o i n t i n g  w i t h  l i t t l e  d i sp lacement ,  b u t  t h e  meaning of 
o t h e r s  is obscure ,  and t h e i r  o r i g i n s  may be  d i v e r s e ,  o r  
p u r e l y  a c c i d e n t a l .  C o l l o q u i a l  synonym: " l i n e a r " .  

Another a s p e c t  i s  t h a t  d i f f e r e n t  i n t e r p r e t e r s ,  no m a t t e r  how 

exper ienced ,  o f t e n  p e r c e i v e  d i f f e r e n t  l ineaments  on t h e  same imagery, 

and sometimes f a i l  t o  p e r c e i v e  one a n o t h e r ' s .  A s t r i k i n g  example of 

p e r c e p t i o n  of d i f f e r e n t  l ineaments  by d i f f e r e n t  i n d i v i d u a l s  i n  s e v e r a l  

groups  i s  g i v e n  by Podwysocki e t  a 1  (1975).  

With t h e s e  c a v e a t s  o u t  of t h e  way, we can mention t h e  p o s i t i v e  

a s p e c t s  of t h i s  i n v e s t i g a t i o n :  

1. The i n t e r p r e t e r s  agreed t h a t  most known s t r u c t u r e s  were 

imaged. 

2 .  There  were  o t h e r  f e a t u r e s  on t h e  imagery which were similar i n  

appearance t o  t h e  c h a r a c t e r i s t i c s  of t h e  known s t r u c t u r e ,  b u t  

f o r  which no mapped s t r u c t u r e s  a r e  known. The i n t e r p r e t e r s  

agreed on t h e  conv inc ingness  of t h e s e  f e a t u r e s ,  t o  t h e  e x t e n t  

t h a t  we recommend f u r t h e r  geophys ica l  e x p l o r a t i o n  f o r  

conf i rmat ion .  

3 .  Two of t h e  i n t e r p r e t e r s  had s p e n t  much of t h e i r  p r o f e s s i o n a l  

l i v e s  s t u d y i n g  t h e  a r e a .  One h a s  e x t e n s i v e  exper ience  i n  

e x p l o r a t i o n  photogeology i n  t h i s  r e g i o n ,  and one h a s  e x t e n s i v e  

remote s e n s i n g  exper ience .  A l l  a g r e e  t h a t  p o t e n t i a l  s t r u c t u r e  

was found. 
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It i s  most i n t e r e s t i n g  t h a t  t h e  l ineament  t r e n d s ,  f o r  any one 

a r e a ,  a r e  v e r y  c o n s i s t e n t .  I n  a d d i t i o n  t h e r e  a r e  many more l i n e s  on t h e  

imagery than  on t h e  pub l i shed  t e c t o n i c  maps. The s i m i l a r i t y  i n  t r e n d  

between t h e  maps s u g g e s t s  t h a t  l i n e s  on t h e  imagery r e f l e c t  a c t u a l  

s t r u c t u r a l  f e a t u r e s ,  f a u l t s ,  which g e o l o g i s t s  mapping t h e  a r e a  were 

e i t h e r  unable  t o  d e t e c t  through l a c k  of exposure  o r  through l a c k  of 

s u f f i c i e n t  s t r a t i g r a p h i c  o f f s e t .  

Some of t h e  imagery l ineaments  may r e f l e c t  bedding t r e n d s .  T h i s  

i s  probably  t r u e  of t h e  b road ly  a r c u a t e  t r e n d s  i n  t h e  c e n t e r  of t h e  

image from Hicks Dome on t h e  w e s t  a long t h e  a x i a l  t r e n d  of t h e  Moorman 

Sync l ine  t o  t h e  e a s t .  The edge of t h e  Moorman Sync l ine  j u s t  n o r t h e a s t  

of t h e  Green River i s  v e r y  s t r a i g h t  on t h e  imagery, and appears  a s  a  

p o s s i b l e  f a u l t .  T h i s  i s  l ineament  2  shown on t h e  o v e r l a y  of F i g u r e  2. 

T h i s  v e r y  s t r a i g h t ,  long  bedding p lane  exposure  may w e l l  be r e l a t e d  t o  

s u b s u r f a c e  f a u l t i n g .  However, t h e  g e n e r a l  low d i p  o f  t h e  s u r f a c e  r o c k s  

m i t i g a t e s  a g a i n s t  s t r a i g h t  l i n e a r ' t r e n d s  being much o t h e r  t h a n  f r a c t u r e  

t r e n d s  o r  c u l t u r a l  f e a t u r e s .  F o r t u n a t e l y  c u l t u r a l  f e a t u r e s  can  be 

e l i m i n a t e d  from map i n s p e c t i o n ,  and u s u a l l y  have a  c h a r a c t e r  t h a t  i s  

p e r c e p t u a l l y  d i f f e r e n t  from n a t u r a l  f e a t u r e s .  

Mapped f a u l t s  which show on t h e  imagery sometimes appear  t o  be 

extended from t h e  l i m i t s  shown on t h e  map. A c a s e  i n  p o i n t  i s  t h e  

ex tens ion  o f  t h e   abash f a u l t  system down Lhruugli IIieks Domc, T h i s  

e x t e n s i o n  is p e r c e p t i b l e  on t h e  1:250,000 c o l o r  composite p r i n t  of 

Landsat ,  b a r e l y  p a l p a b l e  on t h e  1:1,000,000, b u t  w a s  ve ry  c l e a r  and 

d e f i n i t e l y  s e e n  when viewing t h e  c o l o r  monitor and on t h e  35 mm s l i d e s  

prepared from t h e  monitor image. 

The imagery of t h i s  a r e a  shows apparen t  l ineaments ,  so t h a t  

c o n t r o v e r s i a l ,  s u b t l e  l ineaments  were n o t  r e q u i r e d  f o r  i n t e r p r e t a t i o n .  

Th is  i m p l i e s  t h a t  remote sens ing  could  hold  p o t e n t i a l  b e n e f i t  f o r  

s i m i l a r  a r e a s  i n  t h e  midcont inent .  Both r e g i o n a l  and l o c a l i z e d  f e a t u r e s  

were d i s c e r n e d .  



Xany image f e a t u r e s  a r e  independent  of topography, t o n a l  i n  n a t u r e ,  

and, t h e r e f o r e ,  were probably  due t o  s l i g h t  compos i t iona l  changes 

o c c u r r i n g  d i f f u s e l y  o v e r  a swath,  and r e f l e c t i n g  some s u b s u r f a c e  

c h a r a c t e r i s t i c s .  T h i s  phenomenon would be d i f f i c u l t  o r  imposs ib le  t o  

d e t e c t  on t h e  ground, s o  t h a t  an  . a c t u a l  f a u l t  having been p r e v i o u s l y  

unde tec ted  i s  probab le .  

The method of using rprnote senc ing ,  p r i m a r i l y  suggested by Claude 

Dean, proved t o  be  e f f e c t i v e .  The knowledge of t h e  geology was emphasized. 

GeoYogists w i t h  e x t e n s i v e  exper ience  i n  t h e  test s i te  r e g i o n  

were i n v i t e d  t o  p a r t i c i p a t e  i n  t h e  i n t e r p r e t a t i o n .  The method, d e s c r i b e d  

i n  t h e  i n t e r p r e t a t i o n  s e c t i o n ,  proved t o  be v e r y  e f f e c t i v e .  Discuss ions  

betwden t h e  i n t e r p r e t e r s  w e r e  e s p e c i a l l y  p r o f i t a b l e ,  and a t  least doubl ing  

t h e  number of meet ings  would b e  worthwhi le .  The background r e p o r t s  were 

valuable , ,  and can s e r v e  any f u t u r e  i n v e s t i g a t i o n s .  For f u t u r e  i n v e s t i -  

g a t i o n s ,  a  p roduc t  b a s e  h a s  been b u i l t ' u p  w i t h  imagery .a t  METC, ERIM, 

Kentucky Geolog ica l  Survey,  I l l i n o i s  Geological '  Survey,  and West V i r g i n i a  

U n i v e r s i t y .  

One s u r p r i s i n g  r e s u l t  is  t h a t  o n l y  one image p roduc t ,  unenhanced a t  

t h a t ,  was e s s e n t i a l l y  accep ted  by t h e  i n t e r p r e t e r .  T h i s  was t h e  th ree -  

c o l o r  r e p r e s e n t a t i o n  of Landsat  MSS. During t h e  f i r s t  meet ing a n  edge- 

enhanced, 1:250,000 s c a l e ,  th ree -co lor  composite o f  a  w i n t e r  scene  w a s  

p r i m a r i l y  used. A f t e r  t h i s  an  unenhanced v e r s i o n ' w a s  made. The- .. 

i n t e r p r e t e r s  p r e f e r r e d  t h i s  l a t t e r  v e r s i o n .  The most u s e f u l  image.was 

t h a t  on a  c o l o r  moni tor .  The c l a r i t y  and number of l ineaments  was 

maximized on t h i s  p r e s e n t a t i o n .  P r o j e c t i o n s  of 35 mm s l i d e s  made from 

a n  a s s o c i a t e d  m a t r i x  camera were a l s o  u s e f u l .  

I n  s i m i l a r  work we would recommend a 1:250,000 c o l o r  composi te  

p r i n t  and 35 mm s l i d e s  (approximately  1:500,000 on t h e  s l i d e )  t aken  

w i t h  t h e  m a t r i x  camera. The s l i d e s  can  be  p r o j e c t e d  t o  whatever  s c a l e  

is d e s i r e d .  The s m a l l - s c a l e  p r i n t  can be  used f o r  r e g i o n a l  and s y n o p t i c  



purposes ,  t h e  proj .ected s l i d e s  f o r  d e t a i l  and more c o n t r a s t .  The 

p r o j e c t i o n  h a s  much more dynamic range  than  t h e  p r i n t ,  e n a b l i n g  b e t t e r  

d e l i n e a t i o n  of f e a t u r e s .  These two d a t a  p roduc t s  a r e  t h e  b a s i s  f o r  most 

i n t e r p r e t a t i o n .  

Although o t h e r  images .were o b t a i n e d  and s t u d i e d ,  t h e y  were n o t  

found t o  a i d  i n t e r p r e t a t i o n .  . I n  some c a s e s  l ineaments  were conf i rmed,  

i n  most c a s e s  n o t .  No s i g n i f i c a n t  f e a t u r e s  were found on t h e  o t h e r  

imagery which were n o t  e v i d e n t  (and u s u a l l y  c l e a r e r )  on t h e  Landsat .  

The S e a s a t  SAR images were ga thered  s p e c i f i c a l l y  f o r  t h i s  p r o j e c t  . 
Both o p t i c a l l y  and d i g i t a l l y  p rocessed , images  were ob ta ined  of most of 

t h e  a r e a  of t h e  t e s t  s i t e .  The p r i n c i p a l  i n v e s t i g a t o r  (who h a s  had 

e x t e n s i v e  exper ience  w i t h  SAR images) was p a r t i c u l a r l y  i n t e r e s t e d  i n  t h e s e  

Seasa t  SAR images, favored t h e i r  use  on t h i s  p r o j e c t ,  and had e x p e c t a t i o n s  

f o r  t h e i r  i n t e r p r e t i v e  c a p a b i l i t i e s .  They were u s e f u l ,  o f t e n  p lay ing  

a  suppor t ing  r o l e  t o  Landsat .  A s  mentioned e l sewhere ,  t h e  i n t e r p r e t e r s  

p r e f e r r e d  t o  pay a t t e n t i o n  t o  t h e  c o l o r  composites.  The t o n a l  anomal ies  

found on t h e  Landsat  o f t e n  were n o t  a p p a r e n t  on t h e  S e a s a t ,  and known 

f e a t u r e s  were d i f f i c u l t  t o  d e l i n e a t e  on t h e  Seasa t  SAR imagery -- t h e  

Green River ,  f o r  example. P o s s i b l y  t h e  h igh  d e p r e s s i o n  a n g l e  of t h e  

S e a s a t  r a d a r  combined wi th  s u b t l e  topograph ic  f e a t u r e s  worked a g a i n s t  

d e l i n e a t i o n  of f e a t u r e s .  Also t h e  many t o n a l  f e a t u r e s  on t h e  Landsat  

imagery may have been compos i t iona l ,  o f t e n  s u b t l e  and d i f f u s e ,  and 

p o s s i b l y  n o t  d e t e c t a b l e  by s ing le -channe l  r a d a r .  

Elany t y p e s  of image enhancements have been and a r e  b e i n g  developed. 

These a r e  b o t h  geometr ic ,  and compos i t iona l .  I n  t h e  geomet r ic ,  t h e  

d i r e c t i o n a l i t y  o r  t h e  t o n a l  v a r i a b i l i t y  of t h e  image a r e  enhanced, a s  

somerimes achieved by d i r e c t i o n a l  f i l t e r i n g  and edge enhancement. I n  

t h e  compos i t iona l ,  broader  a r e a s  a r e  d i f f e r e n t i a t e d ,  a s  sometimes 

achieved by r a t i o i n g  o r  by t echn iques  such a s  maximum l i k e l i h o o d .  The 

composi t ional  r e q u i r e s  more than  one channel  o f  d a t a .  



None of t h e  enhancements o r  computat ional  p rocedures  s i g n i f i c a n t l y  

a i d e d  t h e . i n t e r p r e t e r s .  The consensus  of t h e  i n t e r p r e t e r s  w a s  t h a t  one 

unehanced (from a geomet r ic  s t a n d p o i n t )  d a t a  product  was s u f f i c i e n t  t o  

i n t e r p r e t .  Th i s  imagery w a s  enhanced i n  t h e  s e n s e  t h a t  l e v e l  s l i c i n g  

and c o l o r  s l i c i n g  were performed t o  a c h i e v e  c o n t r a s t .  

Why, when a l l  t h e s e  enhancement p rocedures  a r e  a v a i l a b l e ,  d i d  t h e  

i n t e r p r e t e r s  e s s e n t i a l l y  use  o n l y  one unenhanced image'! Probably  f o r  

two reasons :  t h e  c h a r a c t e r i s t i c s  of t h e  image i n  terms of what we were 

s e a r c h i n g  f o r ,  and t h e  f a c t  t h a t ,  g iven  a good, c l e a r ,  image, t h e  human 

eye i s  ex t remely  s k i l l f u l  i n  s e l e c t i n g . p a t t e r n s .  

A s  mentioned i n  t h e  i n t e r p r e t a t i o n  s e c t i o n  one a s p e c t  w a s  t h e  

p r o f u s e  number of l ineaments ,  from obvious  t o  s u b t l e ,  t h a t  were found 

on  t h e  imagery from d i r e c t  o b s e r v a t i o n .  The problem encountered w a s  one 

of l ineament  h u a n t i t y  and q u a l i t y .  ' There a r e  a g r e a t  many l i n e a m e n t s  

t h a t  could  b e  mapped; t o o  many, because  i f  a l l  l ineaments  were marked 

t h e  r e s u l t i n g  maps would be  a mass of c o n f u s i n g l y  i n t e r s e c t i n g  l i n e s ,  

so -ca l l ed  "chicken-track" maps. Under such c o n d i t i o n s  one s t o p s  

s e a r c h i n g  f o r  less o b t r u s i v e  l ineaments  when t h e  number of newly 

d i scovered  l ineaments  appears  adequate .  Under such c o n d i t i o n s  

enhancements become s u p e r f l u o u s .  The i n t e r p r e t e r  is  a l r e a d y  s e e i n g  a l l  

t h a t  he  needs  t o  s e e ,  and p o s s i b l y  more. "Sharpening up" what i s  a l r e a d y  

f u l l y  pe rce ived  does  n o t  a i d  t h e  viewer .  

Our e x p e r i e n c e  i n  t h i s  p a r t i c u l a r  a r e a  should i n  no way be  t a k e n  

t h a t  enhancements and image a n a l y s e s  are n o t  worthwhile.  They are 

extremely v a l u a b l e  when s u b t l e ,  over looked f e a t u r e s  a r e  sought  f o r  i n  

an image. Also,  w i t h  mul t i channe l  d a t a ,  one can  a n a l y z e  f o r  composi t ion 

b e t t e r  than v i s u a l  means. We a r e  o n l y  r e p o r t i n g  o u r  exper ience  on t h i s  

p r o j e c t ,  n o t  e v a l u a t i n g  o r  downgrading t h e  v a l u e  o f  enhancements i n  o t h e r  

remote s e n s i n g  work. 



D e s p i t e  t h e  p o s i t i v e  r e s u l t s  i n  f i n d i n g  p o t e n t i a l  unmapped 

f a u l t s  and l o c a l i z e d  a r e a s  i n  Western Kentucky f o r  f u r t h e r  explora-  

t i o n ,  work cannot  be e v a l u a t e d  u n t i l  i t  is  shown whether image- 

i n d i c a t e d  s t r u c t u r e  i s  a c t u a l  s t r u c t u r e .  Without geophys ica l  

o r  o t h e r  s u r f a c e  conf i rmat ion ,  remote s e n s i n g  work i s  f u t i l e  and cannot  

be e v a l u a t e d .  
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6 

CONCLUSIONS AND RECOtQ.ENDATI ONS 

1. Remote s e n s i n g  shows p o t e n t i a l  f o r  a i d i n g  i n  s h a l e  gas  

e x p l o r a t i o n  i n  t h e  14oorman Sync l ine  a r e a .  

2 .  Most known f a u l t  sys tems were apparen t  as l ineaments  on t h e  

imagery, and s i m i l a r l y  appear ing  l ineaments  appeared e l s e -  

where on  t h e  imagery, i n d i c a t i n g  t h e  p o s s i b i l i t y  of f u r t h e r  

f a u l t i n g  o r  f r a c t u r i n g .  

3 .  I n  some a r e a s  i n t e r e s t i n g  l ineaments ,  s u r f a c e  f e a t u r e s  and 

geo log ic  knowledge combined t o  such a n  e x t e n t  t h a t  t h e  poss i -  

b i l i t y  of gas  p roduc t ion  w a s  concluded. Two a r e a s  were 

p a r t i c u l a r l y  promising.  These a r e  recommended f o r  f u r t h e r  

e x p l o r a t i o n .  

4 .  Landsat  MSS c o l o r  composi tes  wi thou t  enhancements were found t o  

be of prime v a l u e  i n  image i n t e r p r e t a t i o n .  

5 .  The p a r t i c i p a t i o n  of g e o l o g i s t s  exper ienced i n  t h e  r e g i o n s  was 

e s s e n t i a l .  Such p a r t i c i p a t i o n  i s  h i g h l y  recommended. 

6.  Two meet ings  and o t h e r  i n t e r a c t i o n s  of t h e  i n t e r p r e t e r s  were 

h i g h l y  b e n e f i c i a l .  More f r e q u e n t  meet ings  a r e  recommended. 

7 .  Geologic background-papers  a i d e d  c o n s i d e r a b l y  i n  t h e  i n t e r p r e -  

t a t i o n s ,  p a r t i c u l a r l y  when t h e  a u t h o r  can  then  p a r t i c i p a t e  i n  

t h e  i n t e r p r e t a t i o n .  Such papers  a r e  recommended f o r  s i m i l a r  

s t u d i e s .  

8 .  Desp i te  t h e  encouraging T ~ S U ~ ~ S  of t h i s  s t u d y ,  remote  sens ing  

should be  t r e a t e d  as a  reconna i ssance  method on ly :  a very 

economical t echn ique  which can a i d  i n  p roper  placement and u s e  

of s u r f a c e  geophys ica l  and geo log ic  i n t e r p r e t a t i o n .  
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APPENDIX ' A 

STXUCTURAL GEOLOGY OF THE !IOOPJIA1J 
SYiJCLINE AREA OF ;JESTEX? I<ETJTUCKY 

b Y 

Robert C. Shunaker 



A . l  PURPOSE 

The i n t e n t  of t h i s  r e p o r t  is t o  e s t a b l i s h  a g e o l o g i c  background 

p r e p a r a t o r y  t o  under tak ing  a  remote sens ing  s tudy  of VTestern Kentucky. 

The s p e c i f i c  purpose of t h e  remote sens ing  s t u d y  i s  t o  e v a l u a t e  t h e  

u t i l i t y  of enhanced imagery in  u ~ a p p i l ~ g  g e o l o g i c a l l y  s i g n i f  i c a n r  1 i.nea- 

ments t h a t  can  t h e n  be used t o  s i t e  wells f o r  e x p l o r a t i o n  of n a t u r a l  

gas  from t h e  Devonian s h a l e .  

Th i s  r e p o r t  s e r v e s  a  dua l  purpose., and t h e r e f o r e  i t  i s  organ ized  

i n t o  two p a r t s :  t h e  f i r s t  p a r t  ( S e c t i o n  A.2) set t h e  g e o l o g i c a l  s t a g e  

f o r  t h e  i n t e r p r e t e r  and g e o l o g i s t  who i s  u n f a m i l i a r  w i t h  t h e  s t u d y  

a r e a ;  t h e  second p a r t  ( S e c t i o n  A.3) p r e s e n t s  t h e  s t r u c t u r a l  s t y l e  o f  

t h e  f a u l t  zones t h a t  may be s e l e c t e d  f o r  t e s t i n g  w i t h  t h e  d r i l l .  

, A . 1 . 1  AREA OF INVESTIGATION 

The s t u d y  area i s  d e f i n e d  by Landsat image frame p a t h  23/row 24 

( F i g u r e  A-1) i n  Western Kentucky. It i n c l u d e s  a  v a r i e t y  of g e o l o g i c  

and geomorphic p r o v i n c e s ,  i n c l u d i n g  p o r t i o n s  of t h e  M i s s i s s i p p i  

Erbayment on t h e  sou thwes t ,  t h e  Southern Shelf  on t h e  s o u t h ,  t h e  - 

w e s t  f l a n k  of t h e  C i n c i n n a t i  Arch on t h e  e a s t  ( F i g u r e  A-2) and t h e  

I l l i n o i s  Basin on t h e  n o r t h  and nor thwes t .  The s t u d y  a r e a  c e n t e r s  

on t h e  lloorman S y n c l i n e  ( F i g u r e  A-1). Some g e o l o g i s t s  have d i v i d e d  

t h i s  l a r g e r  sync l inor ium i n t o  s e v e r a l  s u b d i v i s i o n s ,  and they  have 

r e s t r i c t e d  t h e  u s e  of Floorman t o  t h e  southernmost s t r u c t u r a l  low 

( F i g u r e  A - 3 ) .  The a u t h o r  p r e f e r s  t o  app ly  a  broader  usage (T igure  A-4)  

where the  f a u l t  zones border ing  t h e  floorman Sync l ine  a r e  t h e  R o u ~ h  

Creek f a u l t s  on t h e  n o r t h ,  f a u l t s  of t h e  Enbayment-I l l inois  F l u o r s p a r  
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Figure A-2. STRUCTURAL FEATTJRES OF THE I L L I N O I S  BASII? 

(Rudman, 1960) 



Figure A-3. STRUCTU?AL QIVISIONS OF IJESTERN KEIlTUCKY 

(Mullins, 1968) 



Figure A-4. STRUCTURE OF THE ILLINOIS BASIN, TOP OF TPE l?IDDLE 
ORDOVICIAN OTTAWA LIMESTONE MEGAGBOW 

(Figure 2 of Bell and others, l a641  



Figure A-4a. PENNSYLVANIAN COAL STRUCTURE OF 1JESTERN KENTUCKY 

(Mullins, 1968) 



d i s t r i c t  on t h e  west, and t h e  f a u l t s  along the  Southern Shelf on t h e  

south. An emphasis w i l l  be placed here on describing and understanding 

the  Rough Creek f a u l t  and t h e  Southern Shelf f a u l t  zones. This is a 

pra--tic judgement d ic ta ted  by t h e  l ikel ihood t h a t  these  f a u l t  zones 

conta in  t h e  f rac tu r ing  most l i k e l y  t o  be prospective fo r  Devonian shale  

gas product ion. 

Emphasis i n  the  repor t  centers  on geologic s t ruc tu re ,  presentine 

t h e  s t r u c t u r a l  development and s t r u c t u r a l  analys is  of t h e  study area  

because our predetermined goal is  t o  seek zones of f r a c t u r e  i n  a pre- 

se lec ted  reservoir ,  t h e  Devonian shale  ( F i p r e  A-5) by a s t ruc tu ra l -  

lineament ana lys i s .  The p ro jec t ' s  f i r s t  objec t ive  i s  to  make lineaments 

on t h e  imagery. Then t h e  d i f f i c u l t  problem a r i s e s  of evaluating t h e  

geologic s igni f icance  of these lineaments. An accura te  evaluation 

implies a thorough understanding of the  s t r u c t u r a l  evaluation and s t y l e  of 

t h e  various f a u l t  zones. 

A. 2 IIISTORICAL DEVELOPHENT OF TEIE REGION 

A. 2 .1 REGIONAL STRUCTURE 

I n  discussing t h e  h i s t o r i c  evolution o r  development of t h e  s u r f i c i a l  

geology i n  t h i s  area ,  one must s t a r t  with the Precambrian basement f o r  

the  s u r f i c i a l  f a u l t s  of t h e  study area  o r ig ina te  from basement mbvement. 

Furthermore, i t  must be understood from the  ou t se t  t h a t  many of these  

f a u l t s  a r e  react ivated  s t r u c t u r a l  zones t h a t  formed during t h e  Pre- 

cambrian. 

The a r e a  under considerat ion i s  a pa r t  of t h e  s t a b l e  North 

American cra ton which is general ly enbisioned t o  be an area  of domes, 

arches and broad basins. More spec i f i ca l ly ,  t h e  a rea  l ies  at  the 

southern end of one of these  broad basins,  the lower and middle 

Paleozoic Eastern I n t e r i o r  Basin (Figure A-6) .  It is d i r e c t l y  south 
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of t h e  more smaller  r e s t r i c t e d  I l l i n o i s  Basin (Figure A-2). The 

surface  s t r u c t u r e  genera l ly  can be thought of a s  a broad expanse of 

f la t - ly ing  o r  low-dipping sediments t h a t  a r e  broken by an occasional  

f a u l t  o r  f a u l t  zones. Deformation associa ted  with t h e  f a u l t i n g  i s  

qu i t e  minor, being r e s t r i c t e d  t o  t h e  f a u l t  zone proper. Offse ts  

along t h e  f a u l t s  a r e  usual ly  less than a few hundred f e e t  a s  seen 

a t  t he  surface.  The s t r u c t u r a l  p a t t e r n s  genera l ly  assume a hor s t  and 

graben s t y l e  occurr ing i n  long ( t ens  of miles) narrow (a  few mi les)  

f a u l t  zones (Figure A-4). The s t r u c t u r e s  a r e  downthrown or  d i p  such 

a s  t o  develop an east-west synclinorium, t h e  floorman Syncline, i n  

the c e n t r a l  p a r t  of the  study area .  The age of deformation a s  seen a t  

the sur face  i s  genera l ly  considered t o  be "Alleghenian" (Permo- 

Pennsylvanian) i n  age a s  the  f a u l t s  c u t  through the  eros ional  remnants 

of t h e  Pennsylvanian coa l  measures which a r e  preserved i n  the  lloorman 

Syncline. Because of t h e  economic importance of these  c o a l  measures 

t h i s  synclinorium i s  o f t e n  c a l l e d  the  "Western Kentucky Coal Basin." 

Regional geologic and t ec ton ic  maps, a t  a s c a l e  which show the  

c e n t r a l  United S t a t e s  (Figures A-2 and A-4) genera l ly  show only t h e  

Rough Creek f a u l t  zone presumably because i t  separa tes  t h e  east-west 

trending Eloorman Syncline from the  north-south t rending I l l i n o i s  Basin. 

Showing t h i s  separa t ion  seems geologica l ly  appropr ia te  based on t h e  

regional  sur face  s t ruc tu re .  The 1.foorman Syncline a rea  i s  q u i t e  

complexly f au l t ed  along dominant east-west  t rends  whereas t h e  I l l i n o i s  

Basin i s  s t r u c t u r a l l y  simpler,  with a few surface  f lexures ,  and it  i s  

character ized by more nor the r ly  t rends.  This  con t ra s t  i n  deformation 

i n t e n s i t y ,  s t y l e ,  and trend is c l e a r l y  seen on Figures A-4 and A-4a. 

Faul t s  a t  the  head of t h e  Blississippi Embayment within t h e  

southern I l l i n o i s  f lou r spa r  d i s t r i c t  border the study a rea  on t h e  wesr; 

and t h e  i n t e n s i t y  of deformation probably r e f l e c t s  t h e  i n t e r s e c t i o n  

of the  I l l i n o i s  Basin and Eloorman Syncline t rends .  Igneous i n t r u s i v e s  

found a t  t he  sur face  and the  minera l iza t ion  along f a u l t s  of t h a t  a rea  



may a l s o  be a r e s u l t  of a deep c r u s t a l  flaw a t  t h i s  in te r sec t ion .  

Clearly the  I l l i n o i s ,  nor ther ly  trends,  dominate i n  t h i s  area ,  but  

the s t y l e  i s  complex faul t ing .  These commercially important f a u l t s  

a r e  o f t en  shown on the  regional  maps whereas the  Southern Shelf f a u l t s  

may not  be. A s  t h e  maps decrease i n  sca le  the  southern f a u l t s  and 

s t r u c t u r a l  complexity of t h e  syncline become more apparent (Figures A-4 

and A-4a). 

A.2.2 PRE-wlBRIAN HISTORY 

Over t h e  pas t  decade an understanding of t h e  s t r u c t u r e  has evolved 

f o r  t h i s  a rea  which suggests t h a t  i t  has had a long and complex 

geologic h i s to ry  dat ing back t o  Precambrian times. Idhat one sees a t  

the  surface  is  only the  " t ip  of the  geological iceberg" of a complex 

deeper s t ruc tu re .  A major p a r t  of t h i s  h i s to ry  involves resurgent  

tec tonics  along f a u l t s  t h a t  presumably formed during c r u s t a l  deformation 

i n  Precambrian t i m e .  

Unfortunately, very l i t t l e  is d i r e c t l y  known of the  d e t a i l s  of t h e  

e a r l i e s t  h i s to ry  a s  only one w e l l  has reached the  basement i n  t h e  

study area.  However, geophysical da ta  and our knowledge of t h e  

Paleozoic sediments are suf f i cen t  t o  suggest the  importance of the  

Precambrian t ec ton ic  pa t t e rn  and t o  suggest t h e  presence of deep 

s t r u c t u r a l  complexity. The one deep w e l l  of t h e  a r e a  was d r i l l e d  near 

the  complex surface  s t r u c t u r e  i n  t h e  center  of the study area .  It 

penetrated rocks of bas ic  mineralogy (Figure A-7) and the  occurrence 

of bas ic  igneous rock suggests t h a t  e a r l y  r i f t  f a u l t i n g  i s  important. 

ICecent in te rp reea t i ans  of u g n e t i c  and gravi ty  maps of the  area 

(Hinze, 1977) suggest t h a t  at  l e a s t  one ancient  r i f t  t raverses  the  area  

(Figure A-3). Several d i s t i n c t  l i n e a r  anomalies on t o t a l  magnetic 

i n t e n s i t y  maps of t h e  a rea  correspond with the  t rends  along t h e  f lanks  

with the  syncline (Figure A-9). One of these lineaments roughly 

coincides with the  Rough Creek f a u l t  zone, and another corresponds 
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Figure A-8. PRELIMINARY MAP OF CONTINENTAL RIFTS OF THE MIDCONTINENT 

(Buschbach, 1978) 
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t o  t h e  northward terminus of the  Southern Shelf f a u l t s .  These l ine-  

aments a r e  s t eep  l i n e a r  gradients  of magnetic in tens i ty ,  t h a t  is  

magnetic anomalies, which are f a r  g rea te r  than those t h a t  can be 

explained by t h e  o f f s e t  measured across t h e  surface f a u l t s .  This 

observation ind ica tes  t h a t  e i t h e r  a major change i n  basement l i thology 

occurs across the  lineament o r  t h a t  the re  is  a f a r  g r e a t e r  o f f s e t  of 

the  f a u l t s  a t  the  basement l eve l .  The presence of f au l t ing  along t h e  

anomaly trends suggests t h a t  a t  l e a s t  p a r t  of the  anomaly r e l a t e s  t o  

l a r g e r  f au l t ing  o f f s e t  a t  depth. This conclusion is i n d i r e c t l y  

supported by t h e  surface  geology i n  another way. Consider, f o r  a 

moment, the  l a t e r a l  extent  of the  surface  f a u l t s  a s  compared t o  t h e i r  

o f f s e t .  For instance,  t h e  f a u l t s  of the  Southern Shelf extend across 

t h e  surface f o r  tens  of m i l e s ,  and we w i l l  see  later t h a t  they t ie  

in to  a trend t h a t  extends hundreds of miles. These f a u l t s  a r e  very 

long, but the  throw i s  most o f t en  measured i n  tens,  o r  a t  most, . 
hundreds of f e e t .  This disproport ion i s  no t  usual,  and ir suggests a 

fundauental c r u s t a l  flaw i s  present a t  depths which have a much g rea te r  

throw. 

Based on the'se d a t a  we a r e  f a i r l y  c e r t a i n  t h a t  Precambrian 

s t r u c t u r e  is important t o  t h e  development of t h e  surface  area .  

IIowever, the re  is l i t t l e  so l id  da ta . ava i l ab le  concerning the  precise  

age of t h a t  s t ruc tu re .  Based on a few dated basement samples sca t t e red  

across the midcontinent area; and through ext rapola t ion of these data,  

the basenent i n  Western Kentucky is  estimated t o  be - +1.4BY i n  age. 

The r i f t s ,  o r  shear zones, suggested by magnetic t rends  and the  basement 

l i thology sampled from t h e  one w e l l  presumably post-date t h a t  1.4BY age 

of t h e  basement. We a r e  aware of th ree  Precambrian events t h a t  a r e  

of a magnitude t o  c rea te  such l a r g e  l i n e a r  magnetic anomalies: the  

event t h a t  created the Kansas-Lake Superior-llichigan r i f t  system of 

Keweenawan age (1-1.4BY), the  deformation associated with the  

Grenvil le  (1.0-.8BY) orogenic event, o r  t h e  post-Grenville r i f t i n g  



associated with Catoctin (.7-.8BY) volcanism found within core area  

of the  Appalachian orogenic b e l t .  

A.2.3 PALEOZOIC HISTORY-ECOCAt4BRIAN 

Iluch more i s  known about t h e  e a r l i e s t  Cambrian h i s to ry  of the  

study area  than t h a t  of Precambrian age. Rudman (1960) published an 

in te rp re ta t ion  of seismic data  which c l e a r l y  shows a pre-Ordovician 

r i f t ,  here ca l led  the  Southern I l l i n o i s  R i f t  (Figures A-1 and A-10). 

It contains what a r e  in terpre ted  t o  be bedded sediments ly ing on 

c r y s t a l l i n e  (1.4BY) basement. The sediments have a s t r u c t u r a l  and 

s t ra t ig raph ic  configuration nearly i d e n t i c a l  to  t h a t  found i n  t h e  

Rome Trough (Shumaker, 1975) of Eastern Kentucky and West Virginia.  

The age of the  Rome Trough is Lower t o  Eiddle Cambrian, and by t h i s  

associat ion,  the  I l l i n o i s  graben may have developed during the  Cambrian. 

However, t h e  precise  age of t h i s  p a r t i c u l a r  r i f t  i s  not  known a s  t h e  

pre-Knox sediments have not been penetrated by the  d r i l l .  

Direct evidence i s  now being published t h a t  t h e  E.loorman Syncline 

lies above an ea r ly  Cambrian (Rome equivalent) r i f t  (Figure A-11, 

Schwalb, 1977). S t ructures  associated with the  Rome Trough of 

Eastern Kentucky and West Virginia can be traced through the  Cumberland 

Saddle, (Figure A-6) across the  Cincinnati Arch, i n t o  t h e  Eloorman 

Syncline (Gardner, 1915) along the  Southern Shelf trend (Shumakeg, 1975) 

(Figure A-12). The magnitude of t h e  Rough Creek r i f t  i s  re f l ec ted  i n  

an overthickened s t ra t ig raph ic  sec t ion,  perhaps 1000 meters of pre-Knox 

sand, s i l t ,  and shale ,  of r i d d l e  Cambrian age-Conasauga (personal 

communication, H.R. Schwalb). This thickening is a l s o  c l e a r l y  shown 

by comparison of the  Basement St ructure  and Knox Structure maps 

( F i y r a s  A-13 and A-14). T h i s  i s  the  same divergence seen i n  t h e  

Southern I l l i n o i s  r i f t  between the  basement and St .  Peter  Sand (Fi$ure A- 

The ieopach of t h e  Evcrton-Knox carbonates (Figure A-15) r e f l e c t  

s t r u c t u r a l  growth. ldote how the trend of the  thickening corresponds t o  
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(Buschbach, 1977) 



Figure A-14. STRUCTURE MAP ON TOP OF THE KNOX MEGAGROTJP 

(Buschbach, t 977 )  



Figure A-15. THICKNESS OF THE EVEZTON-KNOX CMSONATES,  CATBRIAN- 
ORDOVICIAN AGE 

(H.R. Schwalb i n  Buschbach, 1 9 7 8 )  



t h e  present east-west trending 1400rman Syncline, and t h a t  the  a x i s  

of thickening tu rns  south i n t o  what i s  now c a l l e d  the  f.lississippi 

Embayment. A s  mentioned, t h i s  thickening r e f l e c t s  Cambrian r i f t i n g  

t h a t  can now be documented to  extend across the  cont inenta l  i n t e r i o r  

from Pennsylvania and West Virginia t o  Arkansas (Figures A-12, A-16). 

Offset  along these  f a u l t s  of the  Rough Creek and Reelfoot Troughs 

during the  Cambrian should have been severa l  thousand f e e t  based on 

what w e  know of t h e  sedimentary thickening and by the  o f f s e t  of 

associated f a u l t s  i n  the  adjacent  Rome Trough. 

The o r i g i n  of t h i s  Cambrian d e f o l a t i o n  is not  c e r t a i n ;  but i t  

is  c l e a r l y  d i s rup t ive  ( intense) and of cont inenta l  magnitude 

(Shumaker, 1975). It has been ascribed to, deformation associated with 

sea  f l o o r  spreading, an aulocogen by many (Barr is ,  1978), but by 

timlng t h i s  f a u l t i n g  seems associated with subduction-related 

Avalonian deformation along the  Ouachita-Appalachian orogenic b e l t  

(Shumaker, 1975 and 1979). It i s  possible t h a t  t h e  magnetic anomalies 

associated with the  basement may r e l a t e  t o  igneous a c t i v i t y  associated 

with t h e  Avalonian event as i n t r u s i v e s  of 560 lfY (Figure A-12) a r e  found 

elsewhere i n  r i f t s  on the continent .  However, i t  seeas f a r  more l i k e l y  

t h a t  those anomalies a r e  associated with Precambrian deformation. 

The importance of these  e a r l y  Cambrian f a u l t s  cannot be over- 

emphasized i n  assessing t h e  subsequent development of t h e  basin as 

they influence the  a rch i t ec tu re  and sedimentation of the  lloorman 

Syncline throughout the  Paleozoic. I n  severa l  instances where 

s i m i l a r  Ecocambrian f a u l t s  have been studied i n  d e t a i l  elsewhere 

(Schaefer, 1979 and Shumaker, e t  a l . ,  1978, 1979) they have been found 

to be middle and upper Paleozoic growth s t ruc tu res ,  and i n  c e r t a i n  

areas ,  such a s  i n  the Mississippi  Embayment, t h e i r  importance is 

f e l t  up t o  recent  t i m e .  An isopachous mapland cross-section of t h e  

study area  (Figures A-17, A-18) show growth during the  deposit ion of 

t h e  dew Albany. In  t h e  study, where the  preselected rese rvo i r  is  the  



Figure A-16. EO-CAMBRIAN DISRUPTIVE FEATURES - AVALONIAN? 
(Base from Bristol and Buschbach, 1971) 



F i g u r e  A-17 .  ISOPACH OF THE NE\J ALBANY (DEVONIAN) SFIAT,E 

( G e n e r a l i z e d  f r o m  ' ~ c h w a l b  a n d  P o t t e r ,  1 8 7 9 )  



Figure A-18. NORTHllgST-SOUTHEST CROSS-SECTION 1-OlKY, USING GEOPHYSICAL LOGS AND CORE ST?mIES 

(U.S .  DOE - 111. Contract E ( 4 0 - 1 ) 5 2 0 3 ,  Annual Report 9/30/79) 



New (Devonian) Shale,  i t  is important  t o  a l s o  no te  t h e  Upper 

Paleozoic movement along these  f a u l t s .  S imi la r  movement has  imparted 

a f r a c t u r e  po ros i ty  t o  t h e  equiva len t  Devonian Shale  i n  t h e  Appalachian 

Basin t h a t  has  been found t o  be h ighly  product ive (Schaefer,  1979 and 

Shumaker, e t  al . ,  1979) of gas .  

A.2.4 LOWER PALEOZOIC HISTORY 

Lower Paleozoic h i s t o r y  a f t e r  t h e  "Avalonian" r i f t i n g  event ,  from 

Upper Cambrian through Lower Devonian time, ac ros s  t h e  mid-continent, 

appears  t o  have been cha rac t e r i zed  by epeirogony and slow ep icon t inen ta l  

sedimentation. During t h e  Ordovician t h e  f i r s t  v e s t i g e s  of t h e  Ozark 

Dome, Kankakee and C inc inna t i  Arches were seen, but  t h e  Cumberland 

Saddle appears  t o  have been present  s epa ra t ing  two s t r u c t u r a l  highs,  

t h e  Lexington and Nashvi l le  domes, along t h e  Cinc innat i  Arch 

(Figure A-19). This  s t ruc tura l - topographic  low connected t h e  Appalachian 

Basin (Rome Trough) t o  t h e  boorman Syncline (Rough Creek Trough). The 

c ra ton  was d i s t a n t  enough from Appalachian u p l i f t  t h a t  shal low water 

carbonate  depos i t i on  predominated. 

During t h e  S i l u r i a n ,  carbonate  depos i t ion  continued and r e e f s  

(lgiagaran) were widespread ac ros s  t h e  con t inen ta l  i n t e r i o r .  The 

Sangamon Arch formed during t h a t  time ac ros s  t h e  I l l i n o i s  Basin 

(Figure A-20). By t h e  end of t h e  S i l u r i a n  t h e  sea  was l a r g e l y  . 
r e s t r i c t e d  t o  t h e  s tudy a rea .  Carbonate depos i t i on  continued through 

the  middle Devonian when a major t r ansg res s ion  of t he  sea  covered t h e  

e n t i r e  mid-continent a r ea .  It is  n o t  c l e a r  i f  t h i s  t r ansg res s ion  i s  

e u s t a t i c  o r  t e c t o n i c  i n  o r i g i n .  It is  marked by t h e  change i n  

sedimentat ion a c r o s s  t h e  c e n t r a l  and e a s t e r n  cont inent  from carbonate  

t o  black muds of upper Devonian and lower l l i s s i s s ipp ian  age. The 

widespread na tu re  of t h e  t r ansg res s ion  sugges ts  a change i n  sea  l e v e l  

was most important ,  bu t  i nd iv idua l  f a u l t s  wi th in  t h e  Appalachian Basin 

were a c t i v e  a t  t h i s  time, and a precursor  of t h e  S te .  Genevieve f a u l t  



Figure A-19. UPPER CAMBRIAN THROUGH ORDOVICIAN - EPEIXOGENIC FEATTJXES 

(Base from Bristol and B u s e h b a c h ,  1971) 



F i g u r e  A-20. SILURIAN - EPEIWGENIC FEATURES 

(Base from B r i s t o l  and Buschbach, 1979) 



along the  no r theas t e rn  margin of t h e  Ozarks w a s  a l s o  a c t i v e  (Figure 

A-21). A s  noted above, the isopachous map and c r o s s  s e c t i o n  ac ros s  

the  sync l ine  suggest l o c a l  subsidence along anc ien t  r i f t s  of t h e  

Rough Creek graben. Progradat ion of t h e  Devonian Delta frdm t h e  

Appalachian co re  area suggest tectonism o r  acce lera ted  u p l i f t .  It i s  

t h e  a u t h o r ' s  guess t h a t  most basement f a u l t s  of t h e  c r a t o n  w e r e  

a c t i v e  during t h i s  t ime i n t e r v a l ,  but  t h a t  t h e  movement was not  nea r ly  

of a magnitude comparable t o  t h a t  of t h e  e a r l y  Cambrian event .  It i s  

tempting t o  suggest  t h a t  t h i s  t r ansg res s ion  and t e c t o n i c  a c t i v i t y  

found wi th in  t h e  c r a ton  ties t o  t h e  Acadian-Caldonian deformation 

wi th in  t h e  Appalachian orogen, but  t h i s  i s  not  demonstrable. 

A.2.5 UPPER PALEOZOIC HISTORY 

During l f i s s i s s ipp ian  time, carbonate  depos i t ion  re turned  t o  t h e  

con t inen ta l  i n t e r i o r ,  and t h e  Southern Shelf w a s  e s t ab l i shed  along 

t h e  southern margin of t h e  tloorman Syncl ine a rea .  However, during t h i s  

time i n t e r v a l  t h e r e  w a s  an ever  increas ing  inf luence  of d e t r i t a l  sands 

en te r ing  t h e  I l l i n o i s  Basin and Moorman Syncline from the  n o r t h  and 

e a s t  (Figure A-22). By t h e  end of Miss i ss ippian ,  t he  e f f e c t s  of t h e  

second major Paleozoic d i s r u p t i v e  deformation were being f e l t  a c ros s  

the  mid-continent a r e a  (Figure A-23). This  deformation probably 

continued through e a r l y  Permian time (Figures  A-24, A-25). It is  

marked by bas ic  incrus lves ,  da ted  230 m i l l i o n  yea r s  b ~ f n r ~  present  

(Figure A-26) at  t h e  western end of t h e  sync l ine  near  t he  i n t e r s e c t i o n  

of north-south and east-west basement t r ends .  Similar  i n t r u s i v e s  a r e  

found t o  t h e  e a s t  along the  t rend  of t h e  Rome Trough. The timing of 

deformation events  i s  s i m i l a r  t o  t h a t  documented f a r  t he  Ouachita 

por t ion  of t h e  orogenic b e l t ;  thus  by a s s o c i a t i o n  i n  t ime and by a 

noted inciease i n  t h e  i n t e n s i t y  of deformation toward t h e  Quachi tas ,  

one can t i e  t h i s  c r a t o n i c  tectonism found t o  t h e  Ouachita orogeny 

(Shumaker, 1975 and 1979).  Cratonic  s t r u c t u r e s  formed by t h i s  



Figure A-21. DEVONIAN - EPEI?.OGENIC WEATTJRES 

(Base from Bristol and Buschbach, 1971) 



Figure  A-22. RELATIONSHIP OF SUB-PENNSYLVANIAN VALLEYS TO TECTONIC 
FEATURES QF THE ILLINOIS BASIN 

(author  unknown) 



Figure A-23. MISSISSIPPIAN INCIPIENT DISRUPTIVE FEATURES 

Base from Bristol and Buschbach, 1971) 



Figure A-24. PENNSYLVANIAN DISRUPTIVE FEATURES 

(Base from Bristol and Buschbach, 1971) 



Figure A-25. POST PENNSYLVANIAN STRUCTURAL FEATURES 

(Base from Bristol and Buschbach, 1971) 



Figure A-26. LOCATIONS AND AGES (WHERE AVAILABLE) OF IGNEOUS 
INTRUSIVES AND EXTRUSIVES 



deformation a r e  those v i s i b l e  a t  the  surface  on geologic maps of t h e  

study area.  This i s  t h e  second d i s rup t ive  ( intense) Paleozoic 

deformation, but it  is c l e a r l y  d i f f e r e n t  from t h e  e a r l i e r  d i s rup t ive  

event. The f i r s t  d i s rup t ive  deformation of Cambrian (Avalonian) 

age, formed s t r u c t u r a l l y  negative fea tu res  characterized by r i f t s .  

This second d i s rup t ive  deformation (Alleghenian) created both 

s t r u c t u r a l l y  pos i t ive  and negative s t ruc tu res  which appear t o  be t h e  

result of compressive orogenic stress. In  the  modern in te rp re ta t ion ,  

t h i s  deformation i s  associated with cont inenta l  c o l l i s i o n  of Africa 

and/or South America with North America. The f a u l t s  and tec tonic  

fea tu res  created by t h i s  "orogenic" event a r e  diverse,  and they 

cannot be read i ly  characterized i n  any a l l - inc lus ive  statement. The 

d i v e r s i t y  of s t r u c t u r e  formed a t  t h i s  t i m e  i n  the  study area  i s  shown 

i n  t h e  i l l u s t r a t i o n s  compiled f o r  t h e  second p a r t  of t h i s  appendix. 

A.2.6 MESOZOIC HISTORY 

I f  our modern understanding of global  tec tonics  i s  cor rec t  then 

t h e  advent of the  1.lesozoic heralds a major change i n  stress found i n  

rocks of the  eas te rn  p a r t  of t h e  North American continents. 

Pa t t e rns  of sedimentation along the  gulf coas t  area  suggest t h a t  

t h e  Gulf Basin formed during the  Tr iass ic ,  and t h a t  i t  was a s i g n i f i c a n t  

s t r u c t u r a l  and topographic low which accepted sediment ca r r i ed  from 

most of the  cont inenta l  i n t e r i o r .  The presence of t h e  Pascola Arch 

(Figure A-25) during the  ea r ly  Cretaceous and perhaps during the  

e n t i r e  e a r l y  1fesozoic.may have diverted much sediment from accumulating 

i n  t h e  l l i s s i s s ipp i  Embayment. However, the  col lapse  of t h e  arch during 

the  Upper Cretaceous, and u p l i f t  of the  Rockies heralded the  formation 

of the  embayment drainage pat tern  a s  w e  know it today. Evidence i s  

accumulating t h a t  stress of s u f f i c i e n t  magnitude was present  during the  

ea r ly  pa r t  of the  Mesozoic t o  c rea te  f rac tu res ,  t h a t  i s  j o i n t  pa t t e rns ,  

across the  cont inenta l  i n t e r i o r  (Spar and Sykes). IJe know of t h e  



mapped in t rus ions  and minera l iza t ion  within the  embayment south of 

t h e  study a rea  of - +90 MY (Figure A-26). The complex f a u l t  swarm i n  

the  Fluorspar d i s t r i c t  of Southern I l l i n o i s  shows t h a t  t h e  i n t e n s i t y  

of deformation within the  embayment was q u i t e  high. Surely t h i s  

t ec ton ic  a c t i v i t y  a f fec ted  t h e  sync l ina l  study area ,  but the  ex ten t  

of t h i s  involvement i s  not  known. 

I n  studying f a u l t s  of the  Southern Shelf one i s  s t ruck  by t h e  

increase  i n  t h e i r  numbers, complexity, and throw a s  they approach t h e  

Efississippi Embayment. This suggests  renewed a c t i v i t y  of e a r l y  formed 

f a u l t s  during the Ilesozoic and Ter t i a ry  time. f l inera l iza t ion  of f a u l t s  

i s  r e s t r i c t e d  t o  t h e  westernmost f a u l t s  of t h e  s tudy area ,  and igneous 

in t rus ions  "along the  boundaries of t h e  Rough Creek R i f t  -- have been 

dated -- about 90 MY" (Buschbach, 1977). 

The Xough Creek Faul t  zone, the  northern boundary of t h e  syncl ine,  

was probably a c t i v e  during flesozoic and Ter t i a ry  time. This f a u l t  is, 

a t  t h e  center  of t h e  38th p a r a l l e l  lineament f a u l t  t rend (Heyl, 1972). 

The western end of t h e  f a u l t  is marked by minera l iza t ion  of Mesozoic(?) 

age, and t h e  eas t e rn  end includes igneous a c t i v i t y  a s  young a s  40-50 fiY 

(Buschbach, 1977). Like f a u l t s  of t h e  Southern Shelf ,  t h e  i n t e n s i t y  

of the  deformation increases  t o  t h e  w e s t  end where i t  swings i n t o  

the embayment prec ise ly  where it i n t e r s e c t s  t h e  ancient  I l l i n o i s -  

Xeelfoot t rend (Figures A-1 and A-11). The apex of t h i s  a c t i v i t y  i s  

found a t  Hicks Dome (Figure A-l) , a crypto-explosion s t r u c t u r e ,  t h a t  

marks t h e  i n t e r s e c t i o n  of these  ancient  ye t  modern s t r u c t u r a l  t rends .  

Clearly,  resurgent  t ec ton ics  has played a key r o l e  i n  t h e  s t r u c t u r a l  

development of t h i s  a rea ,  and it continues today a s  witnessed by t h e  

earthquake a c t i v i t y  of t h i s  region (Figure A-27). I n  t h i s  remote 

sensing study w e  expect t o  i d e n t i f y  these  f a u l t  systems, and i t  w i l l  

be most i n t e r e s t i n g  t o  see  i f  age of t h e  f a u l t  movement w i l l  be 

r e f l e c t e d  fa the c l a r i t y  of l ineament-fault  expression. 
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Figure A-27. DISTRIBUTION OF REPORTED EARTHQUAKES (1534-1971) IN 
EASTERN NORTH AMERICA FROM HISTORICAL AND INSTRUMENTAL 
DATA 

(From York and Oliver, 1976, in Hinze and Braile, 
1977) 



A.3 STRUCIIURAL STYLES OF SPECIFIC FAULT ZONES 

There a r e  f i v e  named s t r u c t u r a l  zones within the  study area ,  and 

a l l  a r e  characterized by faul t ing .  Three of these zones w i l l  probably 

not be selected from our preliminary analys is  fo r  fu r the r  de ta i l ed  

in te rp re ta t ion .  However, some of the  f a u l t s  within these  three  zones 

should be expressed a s  lineaments on imagery of t h e  study area,  and 

therefore,  understanding of these s t r u c t u r a l  zones is a l s o  important 

i f  w e  a r e  t o  i d e n t i f y  the  geologic s igni f icance  and in te r re la t ionsh ip  

of a l l  the lineaments on the  imagery. 

The f i v e  s t r u c t u r a l  zones include: 

1. The Southern I l l i n o i s  R i f t  

2. The Wabash Faul ts  

3 .  Faul ts  of the  Mississippi  Embayment - - 

4. Rough Creek Faul t  Zone 

5. Faul ts  of the  Southern Shelf '  

A s  discussed i n  the  previous sect ion,  a l l  of the  f a u l t  system 

trends a r e  probably re la ted  t o  deformational t rends of Pre-Cambrian 

age. A t  any one t i m e  i n  geologic h i s to ry  these  f a u l t s  may have, and 

indeed a r e  in terpre ted  t o  have, included movement and deformation much 

d i f f e r e n t  from t h a t  v i s i b l e  a t  t h e  surface today. It is of ten  d i f f i c u l t  

t o  deeiphcr and i n t e r p r e t  the e f f e c t s  of t h e  l a t e s t  deformation a s  

seen a t  the  surface because c r i t i c a l  s t y l e  elements may be inher i t ed  

from deeper s t r u c t u r e  t h a t  formed a t  an earlier t i m e  under o ther  stress 

conditions. It is ,  therefore ,  hazardous t o  est imate the  stress 

d i rec t ion  creat ing the  s t ruc tu res  within a p a r t i c u l a r  deformed basement 

block because pre-existing flaws w i l l  sure ly  a f f e c t  both otresn 

conditions within che block and the r e s u l t i n g  s t r u c t u r a l  pa t terns .  

A.3.1 SOUTHERN ILLINOIS RIFT 

The Southern I l l i n o i s  R i f t  is one of the  few s t ruc tu res  within t h e  

study area t h a t  has not  undergone extensive deformation s ince  i t s  



inception (Figure A-28). Indeed we know very l i t t l e  about t h e  s t ruc tu re  

because i t  has not  undergone the  second, t h a t  i s  the  Upper Paleozoic, 

d i s rup t ive  deformation which l e f t  i t s  imprint on t h e  surface sediments 

i n  t h e  other s t r u c t u r a l  zones. The surface  i n  t h i s  area  is  covered 

by g l a c i a l  d r i f t ,  and where bedrock is exposed i t  is gently dipping 

southwestward toward the center  of the  I l l i n o i s  Basin (Figures A-2 

and A-4). The Southern I l l i n o i s  R i f t  is  buried under these  gently 

dippipg sediments much as t h e  Rome Trough is buried under the  

Appalachian Basin. Although speculat ive,  Shumaker (1975) suggested 

t h a t  t h e  La S a l l e  a n t i c l i n e  which formed during the second d i s rup t ive  

deformation i n  l a t e  Paleozoic is a react ivated  northward extension of 

the  f a u l t  bordering the  eas te rn  margin of the  r i f t .  The seismic l i n e  

(Figure A-29) shows the  r i f t e d  nature  of the s t ructure ,  and the  isopach 

map and thermal maturi ty analys is  of t h e  New Albany Shale suggests 

t h a t  t h e  r i f t  did play a r o l e  i n  a f fec t ing  t h e  d i s t r i b u t i o n  and 

maturation of the  shale. The o r i g i n  of the  r i f t  i s  uncertain;  but 

barr ing any s o l i d  da ta ,  ehe author p re fe r s  an Avalonian age re la ted  

t o  t h e  onset of subduction a t  the  cont inenta l  margin. 

A.3.2 WABASH VALLEY FAULT SYSTEM 

The Wabash Valley Faul ts  (Figure A-30) appear t o  be s t r u c t u r a l l y  

simple, dip-sl ip normal f a u l t s  t h a t  probably formed by c r u s t a l  tension 

during the  l a t e  Paleozoic. The surface of the a rea  i s  generally-covered 

by g l a c i a l  d r i f t  including loess  and a l luv ian  of Pleistocene age t h a t  

i s  up t o  one hundred f e e t  i n  thickness. The surface  expression of these  

f a u l t s  may be masked by these  sediments. Sull ivan and Ault ( i n  Buschbach, 

1977) ind ica te  t h a t  t h e  f a u l t  d ips  vary from near ly  v e r t i c a l  t o  4'i0, 

and t h a t  shor t  north-west south-east s t r i k i n g  cross  f a u l t s  (Figures A-31 

through A-34) show minor s t r i k e  s l i p  movement. There appears t o  be no 

consis tent  sense of movement along these cross  f a u l t s .  The major f a u l t s  

assume a re lay  s t y l e  (Figure A-35). According t o  B r i s t o l  and Treworgy 

( i n  Buschbach, 1977) beds of Pennsylvanian age a r e  cleanly sheared along 
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Figure A-29. SOUTHERN ILLINOIS RIFT 

(Rudman, 1960) 



Figure A-30. PROMINENT STRUCTURAL FEATURES AND AREA OF STUDY I N  
SOUTHERN ILLINOIS , 

(Bris ta l  and Treworgy i n  Buschbach, 1378) 



Figure A-31. STRUCTURE ON TOP OF CYPRESS FM. 

(Sullivan and Ault in Buschbach, 1978) 



Figure A-32. STRUCTURE ON TOP OF SPRINGFIELD COAL MBR. (V) 
PETERSBURG FN. a 

(Sullivan and Ault in Buschbach, 1978) 



Figure A-33. STRUCTURE ON TOP OF SPRJNGFIELD COAL 

(Sullivan and Ault i n  Buschbach, 1978) 



Figure A-34. STRUCTURE ON TOP OF CYPRUS 

(Sullivan and Ault in Buschbach, 1978) 



F i g u r e  A-35. STRUCTURE ON THE BASE OF THE BEECH CREEK LIME- 
STONE (BARLOW LIME) OF THE ILLINOIS PORTION OF 
THE WABASH FAULT SYSTEM, INCLUDING SMALL POR- 
TIONS OF INDIANA. DATUM MEAN SEA LEVEL. 

( B r i s t o l  and Treworgy  in B u s e h b a c h ,  1 9 7 8 )  



t h e  f a u l t  sur faces  without major f l ex ing  o r  drag, but Figure A-36 

shows rol l-over  i n t o  t h e  f a u l t  near  t h e  surface.  These observat ions 

a r e  no t  incompatible a s  t h e  observed roll-over r e l a t e s  t o  extension 

across  the  f a u l t  zone r a t h e r  than any drag phenomena. Variance i n  

s t y l e  and complexity of both t h e  Wabash system and t h e  Southern I l l i n o i s  

graben compared t o  f a u l t s  t o  t h e  south of t h e  Rough Creek f a u l t  system 

suggest t h a t  the  c r u s t a l  block nor th  of t h e  Rough Creek system reac ted  

i n  a d i f f e r e n t  manner t o  the l a t e  Paleozoic d i s r u p t i v e  deformation 

compared with t h a t  south of t h e  f a u l t .  One might sugeest  t h a t  

the Moorman Synclinal  block t h r u s t  over t h e  I l l i n o i s  Basin block during 

the  Upper Paleozoic deformation, and t h a t  t h e  normal f a u l t s  of the  

Wabash system a r e  t h e  tens ional  r eac t ion  of t h e  block margin t o  this 

overr iding from t h e  south. 

A. 3.3 .  MISSISSIPPI E14BAYlENT FAULT SYSTEM 

The f a u l t s  along t h e  western margin o f - t h e  study a r e a  a r e  p a r t  of 

t h e  f luo r spa r  and t h e  H i s s i s s i p p i  Embayrnent f au2 t  systems (Figure A-37). 

These f a u l t s  have a long and complex h i s to ry ,  but  perhaps uniquely, 

these  f a u l t s  have demonstrable Nesozoic and recent  movement. The 

complexity of t h e  f a u l t  p a t t e r n  is  v i s i b l e  a t  t h e  surface,  and t h e  

i n t e n s i t y  of the  deformation is  a l s o  r e f l e c t e d  by t h e  crypto-explosion 

s t r u c t u r e  found a t  Hicks Dome. It seems l i k e l y ,  a s  Bucher argued, 

t h a t  Hicks Dome i s  not  a meteor impact s t ruc tu re ,  f o r  the  meteor. 

c rea t ing  t h e  dome would have had t o  been a geological ly accura te  

missile h i t t i n g  p rec i se ly  on t h e  b u l l t s  eye i n t e r s e c t i o n  of t h e  eas t -  

w e s t  and north-south s t r u c t u r a l  t r ends  (Figure A-1). The trend of 

f luo r spa r  f a u l t s  is  demonstrably northeast-southwest, ou t  of t h e  

embayment. This is  the  same d i r e c t i o n  and on trend with t h e  Wabash 

system, but t h e  p a t t e r n  i s  more sha t t e r - l ike  i n  d e t a i l  with many 

i r r e g u l a r  c ross  f a u l t s .  The f a u l t s  of t h e  embayment bend toward t h e  

e a s t  i n t o  t h e  Moorman Syncline, and a s  they do so they become simpler 

with l e s s  throw (Figure A-38). Cross-sections through the  f a u l t s  show 



Figure A-36. WEST-EAST CROSS SECTION, GRIFFIN FIELD, GIBSON 
COUNTY, INDIANA 

(Clark and Royds, 1948) 



Figure A-37.  STRUCTURE CONTOUR OF EXTIIElfE SOU'PHP,N ILLIPlTOIS 

( C l a r k  and Toyds, 1948) 



Figure A-38. FAULTS OF THE SOUTHEXN SHE1,P 

(From Schwab a n d  Potten, 1978) 



t h e  f a u l t  planes t o  be v e r t i c a l  and extens ive ly  mineralized (Figures 

A-39 through A-41). Horizontal s l i ckens l ides  ind ica te  s t r i k e - s l i p  

movement t o  have been important during and a f t e r  minera l iza t ioni  

A. 3.4 ROUGH CREEK FAULT SY STE1.I 

The Rough Creek f a u l t  system is perhaps the  most important 

fundamental c r u s t a l  f law wi th in  the  area .  A s  noted above, i t  separa tes  

the  c r u s t a l  block of the  I l l i n o i s  Basin on t h e  nor th  from t h e  more 

in tense  deformation i n  the  block t o  t h e  south, t h e  1.foorman Syncline. 

The IZough Creek system is a sinuous f a u l t  zone severa l  m i l e s  wide 

t h a t  contains normal f a u l t s  along its eas te rn  end and a south-curving 

t h r u s t ,  t h e  Shawneetown t h r u s t ,  a t  i t s  western extreme (Figure A-36). 

The s u r f i c i a l  f a u l t  p a t t e r n  c l e a r l y  r e i l e c t s  r i g h t  l a t e r a l  s t r i k e - s l i p  

f a u l t  movement wi th  a d i s t i n c t  element of compression o r  convergence 

of t h e  f a u l t  blocks. The absence of any major o f f s e t  along l i s s i s s i p p i a n  

stream channels (Figure A-22) t h a t  c ross  t h e  f a u l t  zone suggest t h e  

l a t e r a l  movement i s  no t  g rea t ,  and t h a t  probably i t  is less than one 

m i l e .  Generally the  sense of movement is upward on the  south s i d e  of 

the  f a u l t .  An upthrus t  s t y l e  of deformation is o f t e n  found along the  

northernmost margin, and seve ra l  echelon fo lds  a r e  present  wi th in  t h e  

f a u l t  zone. The northernmost f a u l t  i s  not  un ive r sa l ly  a t h r u s t ,  and 

it may be a normal f a u l t .  These c h a r a c t e r i s t i c s  of t h e  f a u l t  zone a r e  

c l e a r l y  seen on the  cross-sect ions (Figure A-42). The cross-sect ions 

a l s o  show extensive Pre-Pennsylvanian eros ion  along t h e  t rend.  The 

s t r u c t u r a l  s t y l e  of the  f a u l t  zone is  reminiscent of t rends  and 

s t r u c t u r e s  along o ther  l a t e  Paleozoic upthrus ts  l i k e  those of t h e  

c e n t r a l  bas in  u p l i f t  of the  West Texas Basin and the Wichita U p l i f t  

of t h e  Oklahoma Basin. Clear ly  the  s u r f i c i a l  f a u l t s  along the  

northern margin of t h e  zone are shears  t h a t  should be t i g h t  witliout 

porosi ty.  The f a u l t s  should form s e a l s  f o r  t r a p s  i n  adjacent  rocks 

t h a t  contain porosi ty.  Fau l t s  t h a t  trend a t  high angles  t o  t h e  zone, 

within t h e  tension d i r e c t i o n  (T), might have open f r a c t u r e  p o ~ o s i t y .  
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Figure A-39. IDEALIZED GEOLOGIC SECTION THROUGH THE AIR SHAFT OF 
THE ROSICLARE MINE, HARDIN COUNTY, ILLINOIS 

(Clark and Royds, 1948) 
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Figure A-40. IDEALIZED GEOLOGIC SECTION THROUGH THE ANNEX MINE 
SHAFT, HARDIN COUNTRY, ILLlNOlS 

( C l a r k  and Royds, 1978) 
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Figure A-41. IDEALIZED GEOLOGIC SECTION THROUGH THE NEW GOOD 
HOPE FINE SHAFT, HARDIN COUNTRY, ILLINOIS 

( C l a r k  and Royds, 1948) 
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Because t h e  e a s t e r n  end of  t h e  system appears  t o  be t ens iona l ,  

and because of t h e  shows from t h e  New Albany Shale  i n  t h a t  a r ea ,  t h e  

e a s t e r n  a r e a  should be considered prospec t ive  (Figure A-43). . 

A.3.5 THE SOUTHERN SHELF FAULT SYSTEli 

F a u l t s  a long t h e  Southern Shelf probably deserve t h e  most 

a t t e n t i o n  wi th in  t h i s  s tudy as they a r e  normal ( t ens iona l )  s t r u c t u r e s ,  

and as such, they should have f r a c t u r e  po ros i ty  a s soc i a t ed  wi th  t h e  

f a u l t i n g .  The main problem he re  w i l l  be  too much permeabil i ty  with 

a t t end ing  l o s s  of hydrocarbon along t h e  f a u l t  planes.  The prospect ive-  

ness  of t h e  a r e a  is enhanced by shallow depths t o  t h e  s e l e c t e d  s h a l e  

r e s e r v o i r  and t h e  numerous s h a l e  gas  shows t h a t  occur  wi th in  t h e  sha l e  

r e s e r v o i r  i n  this a r e a  (Figures  A-38, A-44). The f a u l t  system i s  

composed of two o r  t h r e e  narrow, e longate  grabens t h a t  r eg iona l ly  

s t e p  down northward forming t h e  south f l ank  of t h e  lloorman Syncline. 

F a u l t s  genera l ly  i nc rease  i n  o f f s e t  and complexity a s  they approach 

t h e  I J i s s i s s ipp i  Embayment, bu t  on approaching t h e  embayment they  a l s o  

i n t e r s e c t  a southeas t  t rending  a rch  and f a u l t  system (Tabb) t h a t  presumably 

i s  an ex tens ion  of t h e  Paleozoic St .  Genevieve f a u l t  system. Mineraliza- 

t i o n  occurs  w i th in  t h e  S t .  Genevieve system, bu t  such mine ra l i za t ion  

is n o t  wi th in  t h e  east and no r theas t  t rending  she l f  f a u l t s .  The 

s h e l f  f a u l t s  genera l ly  are normal, s t e e p l y  dipping and t h e  throws a t  

t h e  su r f ace  a r e  u sua l ly  less than  t h r e e  hundred f e e t  (Figure A-45) .  

The isopach of t h e  New Albany Shale  i n d i c a t e s  downwarping of t h e  lloorman 

Syncline occurred dur ing  t h e  Devonian. Presumably t h i s  w a s  accomplished 

along these  f a u l t s  by d i p  s l i p  movement. They are, the re fo re ,  growth 

f a u l t s .  Surface s t r u c t u r e  p a t t e r n s  genera l ly  support  t he  ex tens iona l  

d i p  s l i p  movement, bu t  o f f s e t  of c e r t a i n  s t r u c t u r a l  f e a t u r e s  sugges ts  

s l i g h t  s t r i k e  s l i p  movement. The sense of o f f s e t  i s  no t  always 

cons i s t en t ,  bu t  t h e  b e s t  d a t a  suggest r i g h t  l a t e r a l  movement comparable 

t o  t h a t  found along t h e  Rough Creek system. The g r e a t e s t  o f f s e t  

measured on d e t a i l e d  maps of t h e  a r e a  suggests  t h a t  lateral movement 
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Figure A-43 .  ROUGH CRZEK FAULT SYSTEM 



Figure A-44. DRILLING DEPTH TO NEW ALBANY SHALE (DEVONIAN) 

(Schwalb and Potter, 1978) 



Figure A-45. MT. CAMEL - NEW HARMONY FAULT AND ADJACENT FOLDING, 
WABASH COUNTY, ILLINOIS - GIBSON COUNTY, INDIANA 
(Clark and Reynolds, 1948) 



was less than a few thousand f e e t ,  The general absence of 

compressional f ea tu res  suggests any l a t e r a l  movement was accomplished 

within a tens ional  domain involving dis tens ion of the  f a u l t  walls.  

This in te rp re ta t ion  f i t s  w e l l  with the  Rough Creek, data,  and i t  suggests 

the  Moorman Syncline, which is  the  Upper Paleozoic expression of the  

Avalonian Rough Creek graben, was driven s l i g h t l y  northwestward during 

the  Ouachita deformation. It has been noted t h a t  the  lborman Synclinal  

block reacted a s  a u n i t  a s  suggested by the  abrupt change i n  f a u l t  

i n t e n s i t y  nor th  and south of the  bounding f a u l t  zones of the  syncline.  
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B .1 INTRODUCTION 

This r epor t  provides a  geomorphological background of t h e  study a rea  

t o  a i d  i n t e r p r e t e r s  i n  evaluat ing imagery of t h e  present  land surface.  

The r epor t  thus  complements inves t iga t ions  of t h e  subsdrface geology. 

Variety i n  landforms and depos i t s  charac ter izes  t h e  study a rea .  The 

d i v e r s i t y  is  t h e  product of severa l  gevmarphic processes and agents  

working over long periods of t i m e  under d i f f e r e n t  s t r u c t u r a l  inf luences  

and changing cl imates.  F luv ia l ,  g l a c i a l ,  eo l ian ,  l a c u s t r i n e  and k a r s t i c  

environments have l e f t  t h e i r  mark on t h e  landscape. 

The repor t  i s  pr imar i ly  an overview of pas t  geomorphic developments 

which have l e d  t o  t h e  v a r i e t y  i n  t h e  su r face  configurat ion and depos i t s  

of t h e  present  t e r r a i n .  A geomorphic h i s to ry  and desc r ip t ion  of t h e  

l a r g e r  study a rea  i s  presented f i r s t  followed by b r i e f  d icuss ions  of 

t h r e e  small subareas (Figure B-1). 

B . 2  PHYSIOGRAPHIC SETTING 

Most of t h e  study a r e a  l i e s  wi th in  t h e  I n t e r i o r  Low Pla teaus  Fro- 

vince. Vest of t h e  Tennessee River is  a por t ion  of t h e  Coastal Dlain, 

and a t  t h e  northwest a  small  g l ac ia t ed  a rea  is  i n  the  Central  Lowlands 

(Thornbury, 1965) . 
The l i t h o l o g i c  and s t r u c t u r a l  p a t t e r n  of IZississippian and 

Pennsylvanian rock s t r a t a  has yielded gross ly  concent r ic  r ings  of 

cuestaform topography a t  t h e  south and eas t .  l t i t h in  t h i s  general  frame- 

work extens ive  f l a t  bottomlands sepa ra te  h i l l y  uplands, with some up- 

land a r e a s  a l s o  exhib i t ing  l a w  r e l i e f .  A s impl i f ied  physiographic dia-  

Qram is shown i n  Figure 8-2. Physiographic subdivisions of t h e  study 

a rea  (Figure 3-3) a r e  described b r i e f l y  in t h e  following subsect ions.  



Figure  B-1. APPROXIMATE POSITION OF LANDSAT FWqE, 
PATH 23/RO?J 24, IJESTEW KENTUCKY AND 
ADJACENT STATES 

(Roman numerals i n d i c a t e  3 subareas  
s p e c i f i e d  f o r  more d e t a i l e d  a t t e n t i o n . )  



Figure B-2. PHYSIOGRAPHIC DIAGRAM OF KENTUCKY AND AREAS OF INDIANA AND ILLIFIOIS INCLUDED IN 
STLDY AREA. KENTUCKY PORTION FROM KENTUCKY GEOLOGICAL SURVEY MAP. 



Figure B-3. OUTLINE OF STUDY AREA PHYSIOGwHIC REGIONS 

1. Western Kentucky Coal Field 
2. Mississippian Plateaus 

2a. Southern C l i f t y  Area 
2b. Northern C l i f t y  Area 
2c. Marinn Area 
2d. Pennyroyal P la in  
2e. Elizabethtown Area 

3. Land Between t h e  Lakes 
4. Coastal P la in  (Jackson Purchase i n  

Kentucky ) 
5. Shawnee H i l l s  
6 .  Mount Vernon H i l l  Country 
7 .  Wabash Lowland 
8. Crawford Upland 



B. 2.1 WESTERN KENTUCKY COAL FIELD 

This physiographic region is  t h e  hea r t  of t h e  study area.  Under- 

l a i n  by Pennsylvanian sandstones, shales ,  conglomerates, coal  measures, 

and some limestone beds, t h e  a rea  cons i s t s  of gently r o l l i n g  t o  h i l l y  

uplands d issec ted  by streams (Burroughs, 1924) . The region's  ou te r  

periphery, t o  t h e  south and e a s t ,  comprises t h e  most rugged topography. 

Here streams have d issec ted  t h e  s t r a t a  t o  form t h e  ragged and discon- 

t inuous " P o t t s v i l l e  escarpment", o r  cues ta  h i l l s  with l o c a l  r e l i e f  of 

200 t o  300 f e e t .  Toward the  northwest, e levat ions  decrease, deeply 

a l luv ia ted  stream va l l eys  broaden dramatical ly,  and upland r idges  narrow 

and become i so la ted .  The a l luv ia ted  bottoms c o n s t i t u t e  approximately 

one quar ter  of t h e  a r e a  of t h e  Western Coal Fie ld  (BfcFarlan, 1943). 

I n  very genera l  terms t h e  s t r a t a  d ip  westward, but t h e  Moorman 

Syncline, l o c a l  fo lds  and t h e  Rough River Fault  Zone provide mucb 

s t r u c t u r a l  and topographic va r i a t ion .  The northern boundary is t h e  

OhioRiver,which flows pas t  high b l u f f s  a t  t h e  nor theas t ,  and lower 

h i l l s  and a broad f loodpla in  downstream t o  the  w e s t .  The major stream 

draining t h e  i n t e r i o r  of t h e  coal  f i e l d  i s  the  Green River and i t s  

l a r g e r  t r i b u t a r i e s ,  Rough River and Pond River. The western end of 

t h e  a rea  is drained by t h e  Tradewater River ( loca l ly  pronounced 

"Tredwater"), a t r i b u t a r y  of the  Ohio. 

B.2.2 MISSISSIPPIAN PLATEAUS I N  KF3TUCECY 

Beyond t h e  outer  boundary of the  Vestern Coal Field i n  Kentucky 

is a semicircular  zone, pa r t  of t h e  Mississippian Plateaus.  Cropping 

out  from beneath t h e  Pennsylvanian margin a r e  Chesterian sandstones 

and limestones t h a t  form dissec ted  plateau areas .  Their ou te r  margin 

is t h e  Dripping Springs (or Chester) Escarpment. Along various por- 

t i o n s  of i t s  extent ,  it ranges from a prominent scarp t o  a h i l l y  zone 

with many outlying h i l l s .  Relief of 100 t o  200 f e e t  and more separa tes  

t h e  surface of the  Chester cuesta from a lower plateau formed on o lder  

Mississippian rocks (Meramec and Osage s e r i e s ) .  
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I n  t h e  sou thern  p a r t  of t h e  s t u d y  a r e a  t h e  Chester  P l a t e a u  i s  p a r t  

of t h e  Southern C l i f t y  Area and i n  t h e  n o r t h e a s t  i t  comprises p a r t  of 

t h e  Northern C l i f t y  Area (Sauer ,  1927) .  I n  Vlestern Kentucky t h e  

Dripping Spr ings  Escarpment and both  p l a t e a u  s u r f a c e s  a r e  l o s t  i n  a  

maize of f a u l t s  (Thornbury, 1965) i n  an  a r e a  (Sauer,1927) c a l l e d  t h e  

Marion Area, t h e  zone between t h e  Tradewater ,  Ohio, and Cumberland 

Rivers .  

The p l a t e a u  s o u t h  of t h e  Dripping Spr ings  Escarpment i n  t h e  s tudy 
J; 

a r e a  is p a r t  of t h e  Pennyroyal  P l a i n  (Sauer,  1927) .  The k a r s t i f i e d  

p l a i n ,  extending i n t o  Tennessee a s  p a r t  of t h e  Highland R i m ,  has  low 

r e l i e f ,  g e n e r a l l y  measured i n  t e n s  of f e e t ,  except  i n  a r e a s  of deep 

s i n k h o l e s  and r e s i d u a l  knobs n e a r  t h e  escarpment.  Numerous sha l low 

s i n k h o l e s  and s u b t e r r a n e a n  s t reams  a r e  c h a r a c t e r i s t i c  of t h e  a r e a .  

Some s u r f a c e  s t reams h e l p  d r a i n  t h i s  p a r t  of t h e  Pennyroyal P l a i n ,  

j o i n i n g  t h e  Red River and t h e  L i t t l e  R iver ,  south-  and west-flowing 

t r i b u t a r i e s  of t h e  Cumberland. 

The Pennyroyal P l a i n  has  a  s t r a t i g r a p h i c  and topograph ic  e q u i v a l e n t  

i n  t h e  v i c i n i t y . o f  t h e  n o r t h e a s t  p a r t  of t h e  s t u d y  a r e a .  It i s  t h e  

El izabethtown Area (Sauer ,  1927) ,  a  k a r s t  p l a i n  having e x t e n s i o n s  w e s t -  

ward through t h e  Dripping Spr ings  Escarpment i n t o  t h e  Morthern C l i f t y  

a r e a .  

8 .2 .3  LAND BETWEEN THE LAKES 

A d i s s e c t e d  upland s e p a r a t e s  Kentucky Lake (Tennessee S i v e r )  and 

Lake Barkley (Cumberland R i v e r ) .  This  a r e a ,  which has  Cretaceous  

exposures ,  and a  narrow zone t o  t h e  e a s t  and w e s t ,  i s  an  a r e a  o t  t r a n s i -  

t i o n  between t h e  M i s s i s s i p p i a n  P l a t e a u s  and t h e  C o a s t a l  F l a i n  
' 

"Also termed "pennyri le" .  



B. 2.4 COASTAL PLAIN 

I d e s t  of  Kentucky Lake is  t h e  head o f  t h e  M i s s i s s i p p i  Embayment, 

known a s  t h e  Jackson Purchase  i n  Kentucky, w i t h  p l a i n s  and low h i l l  

topography broken by s e v e r a l  prominent v a l l e y  systems (Davis,  1923) .  

The C o a s t a l  P l a i n  ex tends  northward a c r o s s  t h e  Ohio S i v e r  i n t o  I l l i n o i s  

a s  f a r  a s  t h e  s o u t h e r n  edge of t h e  Shawnee H i l l s ,  where eroded 

Cretaceous  and T e r t i a r y  sediments  o v e r l a p  Pa leozo ic  rocks  (Leighton,  

Ekblaw, and Horberg, 1948) .  

B. 2.5 SHAIJNEE HILLS 

I n  I l l i n o i s ,  n o r t h  of t h e  C o a s t a l  P l a i n ,  i s  a complex d i s s e c t e d  

upland,  u n d e r l a i n  by M i s s i s s i p p i a n  and Pennsylvanian s t r a t a  of v a r i e d  

l i t h o l o g y  which d i p  toward t h e  I l l i n o i s  Basin.  F a u l t i n g  and f o l d i n g  

have added s t r u c t u r a l  complexi ty  t o  t h e  rugg.ed h i l l  l a n d ' ( L e i g h t o n ,  

Ekblaw, and Horberg, 1948; Thornbury, 1965) .  ' 

B.2.6 MOUNT VERNON HILL COUNTRY 

Located n o r t h  of t h e  Shawnee H i l l s  i n  I l l i n o i s  i s  t h e  !fount 

Vernon h i l l  c o u n t r y ,  a p o r t i o n  of which i s  i n  t h e  s t u d y  a r e a ,  bounded 

on t h e  e a s t  by t h e  Idabash River .  The a r e a  i s  a s u r f a c e  of low r e l i e f  

formed on Pennsylvanian s t r a t a  and t h i n l y  mantled w i t h  g l a c i a l  t i l l  

and l o e s s  (Leighton,  Ekblaw.and Horberg, 1948) .  

8.2.7 IJABASH LOWLAND 

Easr: of t h e  Wabash Kiver ,  n o r t h  of t h e  Ohio, i s  t h e  \!abash Low- 

l and  (Malot t ,  1922).  It i s  a broad p l a i n s  a r e a  of low r e l i e f  w i t h  

some h i l l s  n o r t h  and e a s t  of E v a n s v i l l e ,  Ind iana .  The bedrock i s  

Pennsylvanian,  a northward e x t e n s i o n  of t h e  Western Kentucky c o a l  

f i e l d  s t r a t a .  L a c u s t r i n e  d e p o s i t s ,  outwash sands ,  l o e s s ,  and dunes 

a r e  p r e s e n t  w i t h i n  v a r i o u s  p a r t s  of t h e  Wabash Lowland. 



B. 2 . 3  CRAIJFORD ' T ~ ~ ~ ~ ~  

Located e a s t  of t h e  Wabash Lowland i s  t h e  crawford Upland, t h e  

g r e a t l y  d i s s e c t e d  d i p s l o p e  of t h e  Chester  c u e s t a .  The upland i s  an 

e x t e n s i o n  i n t o  Ind iana  of t h a t  p a r t  of t h e  Kentucky M i s s i s s i p p i a n  

P l a t e a u s  c a l l e d  t h e  Northern C l i f t y  Area by Sauer (1927). 

Outs ide  t h e  s t u d y  a r e a  t o  t h e  e a s t  i s  t h e  o u t e r  margin of t h e  

Crawford Upland, t h e  Chester  Escarpment, which t r e n d s  southward 

i n t o  Kentucky a s  t h e  Dripping Spr ings  Escarpment. I n  t h e  Crawford 

Upland sands tones  and s h a l e s  o v e r l i e  l imes tones  w h i c h , s t i l l  f a r t h e r  

e a s t , c r o p  o u t  t o  form t h e  k a r s t i f i e d  14 i tche l l  P l a i n ,  t h e  Ind iana  

e q u i v a l e n t  of Kentucky's  El izabethtown Area. 

B. 3 GEOMORPHIC HISTORY 

Reconstruct  i o n  o f  t h e  geomorphic h i s t o r y  of t h e  s t u d y  area. ,  

e s p e c i a l l y  a s  compiled from o l d e r  l i t e r a t u r e  s o u r c e s ,  r e f l e c t s  e a r l y  

models of long-term landscape  e v o l u t i o n .  Such a o d e l s  may n o t  be 

c o r r e c t  i n  a l l  t h e i r  assumptions ,  but  n e v e r t h e l e s s  permit  a reasonab ly  

s a t i s f a c t o r y  account of t h e  o r i g i n  and development of t e r r a i n  and 

d e p o s i t s .  

B.3.1 MESOZOIC ERA 

Within t h e  I n t e r i o r  Low P l a t e a u s  p rov ince  ev idence  i s  l a c k i n g  t o  

p o i n t  t o  a c l e a r  sequence of geomorphic e v e n t s  d u r i n g  t h e  long i n t e r -  

v a l  between Pennsylvanian and l a t e r  T e r t i a r y  t imes .  It is  g e n e r a l l y  

b e l i e v e d  t h a t  s u b a e r i a l  e r o s i o n  and d e p o s i t i o n  have dominated t h e  

r e g i o n  s i n c e  t h e  end of l a t e  Pa leozo ic  sed imenta t ion .  Cretaceous  

sediments ,  e s s e n t i a l l y  nonmarine,  o u t c r o p  i n  t h e  l and  between t h e  

l a k e s .  Westward toward t h e  N i s s i s s i p p i  Biver  they  a r e  o v e r l a i n  by 

younger nonmarine deposi;s  (McFarlan, 1943) .  By t h e  end of t h e  

Mesozoic Era ,  a n c e s t r a l  v e r s i o n s  of major modern r i v e r s  d r a i n e d  



toward t h e  head of t h e  M i s s i s s i p p i  Embayment. Gross p a t t e r n s  o f  

t o d a y ' s  l andscape  were being developed,  a l t h o u g h  t h e y  were t o . b e  

modif ied by l a t e r  e v e n t s .  

B.3.2 TERTIARY PERIOD 

Kegioilal cruscal s r a b i l i r y  .in t h e  I r i L  e r i u r  Luw B l a ~ e a i i s  i s  

thought  t o  have p e r m i t t e d  t h e  fo rmat ion  of a t  l e a s t  one widespread 

s u r f a c e  of low r e l i e f  d u r i n g  t h e  T e r t i a r y  Per iod .  Known a s  t h e  

Lexington P l a i n  (Campbell, 1989, c i t e d  by Thornbury, 1965) i n  t h e  

n o r t h e r n  p a r t  of t h e  p rov ince ,  and t h e  Highland R i m  (Hayes, 1899, 

c i t e d  by Thornbury, 1 9 6 5 ) . i n  t h e  s o u t h e r n  a r e a ,  t h e  e r o s i o n  s u r f a c e  

h a s  been c o r r e l a t e d  wi th  uplands  i n  I n d i a n a  (Malo t t ,  1922) and 

p o s s i b l y  w i t h  o l d  s u r f a c e  r e l i c s  i n  t h e  Shawnee F i l l s  of Southern 

I l l i n o i s  (Fenneman, 1938; Horberg, 1950) .  Ex tens ive  i n  some p o r t i o n s  

of t h e  I n t e r i o r  Low P l a t e a u s ,  t h e  e r o s i o n  s u r f a c e  has  been g r e a t l y  

d i s s e c t e d  where streams have been very  a c t i v e  on weaker rocks .  The 

a n c i e n t  s u r f  a c e  is  i n f  e r r e d  i n  some p o r t i o n s  on ly  by t h e  p resence  

of s c a t t e r e d  accordan t  summits. Regional e l e v a t i o n s  range  from more 

t h a n  1000 f e e t  i n  t h e  Bluegrass  Region i n  C e n t r a l  Kentucky t o  about  

560 f e e t  i n  Henderson County i n  Western Kentucky (Thornbury, 1965) .  

The age  of t h e  e r o s i o n  s u r f a c e  ("peneplain") had been ass igned  

by s e v e r a l  e a r l y  i n v e s t i g a t o r s  t o  v a r i o u s  p o r t i o n s  of t h e  T e r t i a r y ,  

but a widely a c c e p t e d ' p r e s e n t  view is t h a t  t h e  p l a i n  was formed 

d u r i n g  t h e  Miocene o r  e a r l y  P l i o c e n e  Epoch (Thornbury, 1965) .  The 

s u r f a c e  may be c o r r e l a t i v e  w i t h  t h e  S a r r i s b u r g  s u r f a c e  of t h e  

Appalachians ,  and o t h e r  e r o s i o n  s u r f a c e s  recognized i n  t h e  e a s t e r n  

Uni ted S t a t e s  (Table  B-1). 

C lose ly  a s s o c i a t e d  wi th  t h e  development and subsequent  modif ica-  

t i o n  of t h e  L e x i n g t o d H i g h l a n d  R i m  s u r f a c e  a r e  t h e  " L a f a y e t t e  Gravels"  

(Ela lot t ,  1922) .  Known a l s o  by o t h e r  l o c a l  and r e g i o n a l  names, 



I-' 
I-' 
U3 

Table  B-1.  CORRELATION CHART OF LATE CENOZOIC EROSION SURVACES IN EASTEXN UNITED STATES 

AGE '3 
BASE 

(M.Y .) 
INTERIOR 

LCW PLATEAUS APPALACHIANS 
INTERIOR 
HIGHLANDS CEYTRAL LOWLANDS 

Deep S tage  Va l l ey  Cycle Val ley  Cycle Deep S t a g e  

P l e i s t o c e n e  
2 Post-Osage 

Navanna S t r a t h  
S t r a t h  

P l i o c e n e  7 Parker  Somerv i l l e  O s a ~ e  S t r a t h  C e n t r a l  I l l i n o i s  

2 6 Lexington/ !.lot Spr ings /  Lancast  e r /  
Pliocene 

Highland R i m  Har r i sburg  Ozark Calhoun 

Adapted from Melhorn and Edgar, - i n  Melhorn and Flemal,  1975, p. 250. 



t h e  g r a v e l s  c o n s i s t  p r i m a r i l y  of i n s o l u b l e  r e s i d u e  such  a s  c h e r t ,  

q u a r t z  and q u a r t z i t e  p e b b l e s a n d  cobbles .  They a r e  known t o  i n c l u d e  

geodes ,  geodized f o s s i l s ,  sand ,  s i l t ,  and c l a y ,  and a r e  commonly 

s t a i n e d  and cemented by i r o n  and manganese o x i d e s  (Thornbury, 1965) .  

The d i s t i n c t i v e  "bronzed1' c h e r t y  g r a v e l s  are c a l l e d  t h e  "Luce Gravels"  i n  

Owensboro,.Kentucky (L. L. Ray, 1965) .  Long c o n t r o v e r s i a l ,  t h e  g r a v e l s  . 
a r e  g e n e r a l l y  thought  t o  be d e r i v e d  from T e r t i a r y  wea ther ing ,  p r i -  

m a r i l y  of M i s s i s s i p p i a n  and Pennsylvanian rocks .  A s  a  wea ther ing  

I r e s i d u e  they were probably  w i ~ e s p r e a d  on t h e  LexingtonfYighland Rim 

e r o s i o n  s u r f a c e .  

Streams f lowing a c r o s s  t h e  e r o s i o n  s u r f a c e  a p p a r e n t l y  were r e -  

juvenated by l a t e  T e r t i a r y  u p l i f t ,  and d i s s e c t i o n  c r e a t e d  many deep 

gorges .  I n t e r m i t t e n t  s t a b i l i t y ,  however, i s  thought t o  have a l t e r n a t e d '  

w i t h  u p l i f t .  It i s  l i k e l y  t h a t  k a r s t i f i c a t i o n  of s o l u b l e  r o c k s ,  in -  

c l u d i n g  cavern  fo rmat ion ,  proceeded where f a v o r a b l e  c o n d i t i o n s  e x i s t e d .  

During s t a b l e  t i m e s  broad bottomlands were c r e a t e d  by l a t e r a l  s t r eam 

m i g r a t i o n .  The o l d  bottomland remnants are s t r a t h s  a s s i g n e d  t o  t h e  

Parker  subcyc le  (Table  B-1). Much of t h e  r e s i d u a l  r e z o l i t h  was 

s t r i p p e d  from t h e  L:exington P l a i n  and c o n c e n t r a t e d  i n  t h e  develpping 

bottomlands.  Thick d e p o s i t s  of t h e  L a f a y e t t e  Grave l s  i n  T+Jestern 

Kentucky a r e  thought  t o  be f l u v i a l  i n  o r i g i n  (Theis ,  1922, c i t e d  i n  

Ray, 1965; Malo t t ,  1922; L e v e r e t t ,  1929; P o t t e r ,  1955) ,  and rest on 

stream-cut bedrock benches.  ' P o t t e r  (1955) concluded t h a t  t h e  

g r a v e l s  n e a r  t h e  head of t h e  M i s s i s s i p p i  Embayment a r e  remnants of 

c o a l e s c i n g  a l l u v i a l  f a n s  d e p o s i t e d  by t h e  a n c e s t o r s  of t h e  r e g i o n ' s  

major streams--t he  Tennessee,  cumberland, Ohio and M i s s i s s i p p i  S i v e r s  . 
F o l l o w i n g ' t h e  t i m e  of Parker  S t r a t h  fo rmat ion ,  p o s s i b l y  i n  t h e  

Quaternary P e r i o d ,  f u r t h e r  u p l i f t  and s t ream downcutt ing occur red  

r e g i o n a l l y .  Flajor r i v e r s  deepened t h e i r  v a l l e y s  on t h e  o r d e r  of 200 

f e e t  o r  more, i n  a phase  c a l l e d  t h e  Deep S tage  (Ver S teeg ,  1926) .  I n  

some p a r t s  of t h e  I n t e r i o r  Low P l a t e a u s  t h e r e  is  evidence t o  sugges t  



t h a t  v a l l e y  deepening was i n t e r r u p t e d  f o r  a  t ime,  when v a l l e y  broaden- 

ing  occur red .  Ex tens ive  lowlands were formed i n  weak s t r a t a ,  f o r  

example, t h e  Sco t t sburg  Lowland of Ind iana  (Malot t ,  1922) .  Th l s  s u r -  

f a c e  may c o r r e l a t e  w i t h  t h e  e a r l y  P l e i s t o c e n e  Havanna S t r a t h  of 

Southern I l l i n o i s  (Thornbury, 1965) .  I n  t h e  lower Ohio Xiver r e g i o n ,  

a  bedrock bench bur ied  by younger d e p o s i t s  was noted by Ray (1965) 

i n  t h e  Owensboro, Kentucky, a r e a ,  and by The i s  i n  1922 ( c i t e d  by 

Ray, 1965) st Henderson, Kentucky. 

By t h e  t ime g l a c i a t i o n  was approaching,  t h e  a n c e s t r a l  Ohio, 

Wabash, Green, Cumberland, Tennessee,  .and P. f iss iss ippi  R ivers  had 

s e p a r a t e d  upland remnants of t h e  weathered T e r t i a r y  p l a i n .  L a f a y e t t e  

gravel-capped rock benches f l anked  t h e  deep i n n e r  v a l l e y s  i n  p l a c e s  

wh'ere c o n d i t i o n s  were conducive t o  t h e i r  p r e s e r v a t i o n .  Although 

major s t reams  today remain r e l a t i v e l y  c l o s e  t o  t h e i r  e a r l y  p o s i t i o n s ,  

some reaches  have changed l o c a t i o n  by many m i l e s .  The lower ends of 

t h e  Ohio, Cumberland, and Tennessee Rivers ,  f o r  i n s t a n c e ,  now have 

d i f f e r e n t  courses .  The Ohio River  formerly  c r o s s e d  Southern I l l i n o i s  

through t h e  Cache Lowland; p o s s i b l e  c a u s e s  of r e l a t i v e l y  r e c e n t  c h a n - .  

n e l  abandonment i n  r e l a t i o n  t o  t h e  Tennessee and Cumberland S i v e r s  a r e  

reviewed i n  Thornbury (1965). Lesse r  t r i b u t a r y  s t reams  a r e  thought 

t o  have e x p l o i t e d  weak rocks  and f a u l t  zones a s  l a t e  T e r t i a r y  d i s s e c -  

t i o n  proceeded. Numerous c a s e s  of s t ream d i v e r s i o n  ("piracy") a r e  

no ted  f o r  t r i b u t a r i e s  of t h e  Tradewater and lower Green Rivers  i n  

VJebster County, Kentucky (Glenn, 1922).  

The age  of deep v a l l e y  c u t t i n g  may be b e s t  a s s i g n e d  t o  t h e  P l i o -  

P l e i s t o c e n e  t ime t r a n s i t i o n .  Deep channe l s  were l a t e r  f i l l e d  w i t h  

d e p o s i t s  t h a t  inc luded  t h i c k  sequences of g l a c i a l  outwash. Val ley 

i n c i s i o n  was t h u s  p r e - g l a c i a l ,  but n o t  n e c e s s a r i l y  pre-Quaternary,  

a s  g l o b a l  c r i t e r i a  f o r  t h e  w o r l d ' s  P l i o - P l e i s t o c e n e  t ime  boundary 

need no t  depend upon a r r i v a l  ,of c o n t i n e n t a l  g l a c i e r s  a t  a  p a r t i c u l a r  

r eg ion .  Regardless  of age  ass ignment ,  deep v a l l e y s  were c h a r a c t e r i s t i c  



of major d r a i n a g e  l i n e s  of t h e  s t u d y  a r e a  j u s t  p r i o r  t o  midwestern 

g l a c i a t i o n .  

B.3.3 QUATERNARY PERIOD (PLEISTOCENE AND SOLOCENE EPOCHS) 

1. Nebraskan Stage.  The e x t e n t  of t h e  Nebraskan g l a c i e r  i s  un- 

known and no d e p o s i t s  a s s i g n a b l e  t o  t h e  Nebraskan S t a g e  a r e  known i n  

Ind iana  (Wayne and Zumberge, 1965) .  It has  been p o s t u l a t e d  t h a t  

Nebraskan i c e  c o n t r i b u t e d  v a l l e y  t r a i n  f i l l s  i n  t h e  deep v a l l e y  of 

t h e  Ohio (Ray, 1965).  To t h e  n o r t h  and e a s t ,  Nebraskan i c e  may have .  

been r e s p o n s i b l e  f o r  t h e  d i v e r s i o n  of . p a r t s  of t h e  a n c i e n t  Teays River 

system i n t o  t h e  Ohio Basin (Ray, 1965) .  The a n c i e n t  Ohio River  pre-  

v i o u s l y  was a much s m a l l e r  system. D i f f e r e n t  views of i t s  e x t e n t  and 

e v o l u t i o n  a r e  summarized by Thornbury (1965). I n  t h e  s tudy  a r e a  t h e  

r i v e r ' s  c o u r s e  w a s  g e n e r a l l y  n o t  f a r  from i t s  p r e s e n t  l o c a t i o n , , e x -  

c e p t  f o r  t h e  abandoned Cache Lowland. A t  Owensboro, Kentucky, f o r  

example, a  bedrock con tour  map (Ray, 1965) shows most of t h e  a n c i e n t  

c o u r s e  w i t h i n  a  m i l e  o r  two of  t h e  p r e s e n t  channel .  

2 .  Kansan S tage .  Although Kansan d r i f t  i s  mapped i n  p o r t i o n s  

of southwestern  I n d i a n a  and s o u t h e r n  I l l i n o i s  ( F l i n t ,  e t  a l ,  1959) ,  i t s  

occur rence  i s  o u t s i d e  t h e  s t u d y  a r e a  a few m i l e s  t o  t h e  n o r t h .  Some 

f u r t h e r  v a l l e y  deepening may have occur red  dur ing  t h e  Kansan S t a g e ,  

but  a major n e t  e f f e c t  i n  t h e  s tudy  a r e a  was probably  a l l u v i a t i q n .  

Kansan outwash is thought  t o  have c o n t r i b u t e d  t o  t h e  lowest  f i l l s  t h a t  

now occupy t h e  deep,  bur ied  bottoms of t h e  p r e g l a c i a l  v a l l e y s  (1:Payne 

and Zumberge, 1965) .  A d d i t i o n a l l y  some l o e s s  d e p o s i t i o n  may have 

o c c u r r e d  (Ray, 1965) .  

3 .  I l l i n o i a n  S tage .  An e a r l y  s u b s t a g e  of t h e  I l l i n o i a n  r e s u l t e d  

i n  t i l l  d e p o s i t i o n  i n  p o r t i o n s  of t h e  s tudy  a r e a .  North of t h e  Shawnee 

H i l l s  i n  I l l i n o i s ,  and i n  extreme southwestern  I n d i a n a ,  I l l i n o i a n  t i l l  

is mapped ( F l i n t ,  e t  a l ,  1959).  The i c e  blocked westward f lowing 

s t reams  i n  Ind iana ,  c r e a t i n g  e x t e n s i v e  ponding and g l a c i o l a c u s t r i n e  



sedimentation (Thornbury, 1936; Wayne and Zumberge, 1965). Ebst of 

t h e  l a k e  p l a i n s  were later sub jec t  t o  f looding and sedimentation from 

Wisconsinan meltwater dra in ing  i n t o  t h e  a r e a  from i c e  i n  c e n t r a l  

Indiana. I n  Kentucky, t r i b u t a r i e s  t o  t h e  Ohio River,  s17ch as Green 

River ,  perhaps were ponded because of aggradat ion of t h e  Ohio channel,  

a l though t h e  major ponding seems t o  be a t t r i b u t a b l e  t o  t h e  Hisconsinan 

Stage. Loess depos i t s  r e f e r a b l e  t o  t h e  I l l i n o i a n  (Loveland Loess) 

have been noted along t h e  banks of t h e  Ohio River (Leighton and l.Jillman, 

1950; Rzy, 1957). 

4. Wisconsinan Stage. The s tudy a rea  was not  g l ac i a t ed  during 

Wisconsinan time, but was a f f ec t ed  by g l a c i a l  outwash and l o e s s  deposi- 

t i o n .  The Ohio River aggraded i t s  deep bedrock bed, c r e a t i n g  levee- 

l i k e  dams a t  t h e  mouths of t r i b u t a r i e s  such a s  Green River i n  I<entuc!cy 

and t h e  Wabash along t h e  Ind iana - I l l i no i s  boundary (Tliornbury, 1365). 

Various f l a t  bottomlands i n  Southern Indiana,  I l l i n o i s ,  and Western 

Kentucky (Figure B-4) were long ago i d e n t i f i e d  as o ld  l ake  p l a i n s  

formed i n  ponded backwaters of t r i b u t a r i e s  whose mouths were dammed 

by outwash i n  t h e  GJabash and Ohio Rivers (Shaw, 1915, c i t e d  by 

Thornbury, 1965). Pro jec t ing  above t h e  deeply a l l u v i a t e d  v a l l e y  

systems i n  Indiana and Kentucky a r e  p a r t i a l l y  buried bedrock h i l l s  

c a l l e d  " is land h i l l s ! '  by Shaw, and " h i l l s  of c ircumalluviat ionr '  by 

F i d l a r  (1948, c i t e d  by Thornbury, 1965). The l a c u s t r i n e  depos i t s  

a r e  mainly heavy, blocky c l e s  o r  silts.  The d i r e c t  cause of a l l uv ia -  

t i o n  is  thought t o  be mostly g l a c i o f l u v i a l  a c t i o n ,  but o the r  poss ib l e  

cont r ibu t ing  f a c t o r s ,  including r eg iona l  depression,  a r e  reviewed 

by Thornbury (1965). 

Wisconsin l o e s s  mantles most of t h e  s tudya rea l andscape ,  and is  

t h i c k e s t  near  r i v e r i n e  sources,  th inning  away from bottomlands. 

Windblown silt and reworked colluvium derived from i t  ranges genera l ly  

from one t o  t e n  meters i n  th ickness  (Ray, 1965; Hillman and "rye, 1970). 

The l o e s s  mantle i n  p l aces  is composed of two u n i t s  of :-Tisconsinan age, 

one of I l l i n o i a n ,  and i n  p laces  poss ib ly  Kansan (Ray, 1965). 



F i g u r e  B-4. ALLWIATED AREAS IN THE .WESTERN KENTUCKY 
COAL FIELD 

( A d a p t e d  f r o m  J i l l s o n ,  1 9 2 8 ,  p 44)  



5. Pos t -Glac ia l .  S ince  d e g l a c i a t i o n  of t h e  upper Ifidwest about  

11,000 y e a r s  B.P., t h e  s t u d y  a r e a  has  been s u b j e c t  t o  e r o s i o n a l  pro- 

c e s s e s  o p e r a t i n g  under Holocene c l i m a t i c  c o n d i t i o n s  more o r  l e s s  similar 

t o  t h o s e  of t h e  p r e s e n t .  Major' s t r eams  have reworked t h e  upper l e v e l s  

of t h e i r  t h i c k  f i l l s ,  degrading t h e i r  beds on ly  s l i g h t  (Ray, 1365) .  

C l imat ic  f l u c t u a t i o n s  and l and  use  changes accompanying dam c o n s t r u c t i o n ,  

mining,  a g r i c u l t u r e ,  and urban s e t t l e m e n t  of t h e  r e g i o n  have c o n t r i b u t e d  

t o  s u r f  a c e  m o d i f i c a t i o n s  t h a t  a r e  r e l a t i v e l y  minor i n  t h e  c o n t e x t  of 

t h e  topographic  t e x t u r e  of t h e  e n t i r e  s t u d y  a r e a .  

B.4 GEOMORPHOLOGY OF THREE SPECIFIC ZONES 

I l i t h i n  t h e  wider s tudy  a r e a ,  t h r e e  s m a l l e r  zones were s p e c i f i e d  f o r  

f u r t h e r  d i s c u s s i o n .  Zones I ,  11, and 111 a r e  i n  t h e  e a s t e r n  s e c t o r  of 

t h e  s tudy  a r e a  (F igure  B-1) and a r e  a t  o r  n e a r  t h e  updip end of t h e  

Pennsylvanian s t r a t a  of t h e  Western Kentucky Coal F i e l d .  Zone I i s  

mostly w i t h i n  t h e  Coal F i e l d ;  Zone I1 is  c e n t e r e d  on t h e  C h e s t e r i a n  

? l i s s i s s i p p i a n  P l a t e a u  s t r a t a ;  and Zone I11 is almost e n t i r e l y  i n  t h e  

Ches te r ian  ( n o r t h )  and o l d e r  M i s s i s s i p p i a n  ( sou th)  p l a t e a u  a r e a .  

Except f o r  t h e  n o r t h e a s t  and s o u t h e a s t  c o r n e r s  where Y i s s i s s i p p i a n  

roclcs c rop  o u t ,  t h i s  zone (F igure  8-51 i s  w i t h l n  t h e  \!esteltn Kenrucky 

Coal F i e l d  of Pennsylvanian s t r a t a .  Evidence of s t r i p  mining abounds 

i n  Zone I. Eorder a r e a s  of t h e  Coal F i e l d  a r e  g e n e r a l l y  rugged, i n  

p l a c e s  having 200 and 300 f e e t  of l o c a l  r e l i e f ,  but westward.toward t h e  

i n t e r i o r  150 f e e t  o r  l e s s  i s  common (ElcGrain and Curren,  1978) .  Some 

of t h e  r i d g e s  c r e a t e d  by heavy s t ream d i s s e c t i o n  a r e  r e l a t i v e l y  broa.3 

and l e v e l ,  bu t 'mos t  are . 'narrow and i r r e y u l a r  i n  shape.  Smal ler  t r i b u t a r y  

v a l l e y s  tend t o  be V-shaped, but l a r g e r  s t reams  have e n t r e n c h e d . s t e e p -  

wal led Zorges w i t h  f l a t  bottomlands.  Ex tens ive  low, p o o r l y ' d r a i n e d  f l a t s  

a r e  p r e s e n t  i n  t h e  western  p a r t ,  uf Zone I ,  Cllr r e s u l ~  ol: t h i c k  v a l l e y  
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f i l l s .  The l e v e l  of P l e i s t o c e n e  ponding and l a c u s t r i n e  and a l l u v i a l  

sed imenta t ion  was approximately  t o  t h e  e l e v a t i o n  of t h e  modern f lood-  

p l a i n .  I n  v a r i o u s  o t h e r  p a r t s  of t h e  Coal F i e l d  t h e  maximum t h i c k n e s s  

of v a l l e y  sediments  approaches 200 f e e t  ( J i l l s o n ,  1928) ,  a l though  i n  

Zone I t h e  f i l l s  a r e  t h i n n e r .  They a r e  p a r t  of d e p o s i t s  up t o  about 

420 f e e t  i n  e l e v a t i o n  made i n  what has  been c a l l e d  Green Lake by 

Shaw (1911, c i t e d  by L e v e r e t t ,  1929) .  

Prominent f a u l t i n g  i n  t h e  n o r t h  (Rough Creek F a u l t  Zone) has  

a f f e c t e d  t h e  topography by a c c e n t i n g  d i f f e r e n t i a l  weather ing and 

e r o s i o n .  To t h e  s o u t h ,  t h e  Green Rive* f a u l t  system f o l l o w s  a t r e n d  

more o r  less p a r a l l e l  t o  t h e  Rough Creek Zone. Between t h e  two f a u l t  

zones i s  t h e  Green River ,  master  s t ream of t h e  Coal F i e l d .  

Green River  f o l 1 o w s . a  r a t h e r  s inuous  r o u t e  i n  a  g e n e r a l l y  nor th -  

westward d i r e c t i o n .  I n  t h e  c e n t r a l  p a r t  of Zone I ,  however, t h e  Green. 

River doubles  back t o  t h e  s o u t h e a s t  a t  Cromwell b e f o r e  resuming i t s  

p a t h  t o  t h e  Ohio River .  This p a r t  of t h e  r i v e r  i s  lcnown l o c a l l y  a s  

Big Bend. The narrow neck between p a r a l l e l  r eaches  i s  capped by 

loess-mant led T e r t i a r y  g r a v e l  a t  e l e v a t i o n s  ranging g e n e r a l l y  between 

450 and 500 f e e t  ( G i l d e r s l e e v e ,  1975).  The f l o o d p l a i n  i s  approximately  

410 f e e t  A.M.S.L. North of Big Bend i s  a  broad band .of i n t e r c o n n e c t e d  

smal l  v a l l e y s  which forms a  r a t h e r '  l i n e a r  p a t t e r n  of most ly  lowlands 

t r e n d i n g  nor thwes t .  Tt merges w i t h  t h e  broad f l a t  of t h e  Rough-River,  

j o i n i n g  t h e  Green River  a  few m i l e s  w e s t  a t  Livermore. The appearance 

s u g g e s t s  t h a t  Green River  formerly  cont inued n o r t h  and west from t h e  

Big Bend, but abandoned i t s  course  d u r i n g  entrenchment,  perhaps  

u t i l i z i n g  nearby t r i b u t a r y  v a l l e y s  a s . i t s  new channel .  A zone of 

low s a d d l e s ,  on ly  . . &bout 1.00 f e e t  above t h e  f l o o d p l a i n ,  s e p a r a t e s  t h e  

r iver  from i t s  apparen t  former v a l l e y .  The s a d d l e s  a r e  a t  pbout t h e  

same e l e v a t i o n  a s  t h e  T e r t i a r y  g r a v e l s  capping t h e  Big Bend neck.  

The northwestward t r e n d ,  f o r  many m i l e s ,  of t h e  Green River  and 

i t s  p o s s i b l y  abandoned course  i s  but an ex tens ion  of t h e  Barren R i v e r ' s ,  



t r e n d .  I n  t h e  s o u t h e a s t e r n  p a r t  o f  Zone I ,  t h e  Green f lows from t h e  

e a s t  t o  r e c e i v e  Barren R i v e r ,  which has  been flowing. northwestward 

from t h e  Pennyroyal P l a i n .  Older  l i t e r a t u r e  g e n e r a l l y  p r e s e n t s  t h e  

northwestward t r e n d  of Western Kentucky mas te r  s t reams  a s  i n h e r i t e d  

from t h e  T e r t i a r y  r e g i o n a l  consequent s l o p e  on beds t i l t e d  toward 

t h e  I l l i n o i s  Basin.  

B.4.2 ZONE I1 

Rol l ing  topography i s  t y p i c a l  of much of Zone I1 (Tigure  B-6) 

which is  p r i m a r i l y  t h e  n o r t h e r n  s e c t i o a  of t h e  Chester  r l i s s i s s i p p i a n  

p l a t e a u  (Northern C l i f t y  Area) .  Sandstone beds dominate,  more r e s i s t a n t  

t o  e r o s i o n  t h a n  t h e  l i m e s t o n e s  exposed i n  smal l  a r e a s  i n  t h e  nor th -  

e a s t e r n  p o r t i o n .  Thus a t a b l e l a n d  appearance i s  g iven  t o  p a r t s  of t h e  

a r e a .  D i s s e c t i o n  and l o c a l  r e l i e f  i n c r e a s e  westward i n t o  a n  a r e a  of 

Pennsylvanian s t r a t a ,  northward t o  t h e  Ohio R i v e r ,  and s o u t h  t o .  t h e  

Rough River .  Where e r o s i o n  h a s  breached t h e  sands tones  t o  expose 

under ly ing  l i m e s t o n e s ,  c l i f f s  a r e  prominent,  r i t h  minor benches 

appear ing  t o  r e s u l t  from in te rbedded  s h a l e s  and l i m e s t o n e s  (Sauer ,  

1927) .  S inkholes  r e s u l t i n g  from s u b j a c e n t  k a r s t  a r e  p r e s e n t .  The 

d r a i n a g e  system of S ink ing  'creek i n  Breck&nridge County encompasses 

i n  p a r t  of i t s  c o u r s e  broad l i m e s t o n e  d o l i n e s  f l anked  by sands tone  

up lands .  I ts mouth is  a t  t h e  Ohio River ,  but  i t s  headwaters extend 

eas tward i n t o  t h e  ~ l i z a b e t h t o w n  a r e a ,  t h e  n o r t h e r n  e q u i v a l e n t  of t h e  

Pennyroyal P l a i n  (Sauer ,  1927) .  Zone I1 t h u s  c o n t a i n s  f i n g e r - l i k e  

e x t e n s i o n s  of t h e  k a r s t  p l a i n .  The p l a i n  is  s e p a r a t e d  f r o m . t h e  

d i s s e c t e d  t a b l e l a n d  by t h e  Dripping Spr ings  Escarpment, and r e l i e f  

of more than  200 f e e t  (licGrain and c u r r e n s ,  1978) .  

North of t h e  Ohio River  i n  Ind iana  i s  a  h i g h l y  d i s s e c t e d  exten-  

s i o n  of t h e  M i s s i s s i p p i a n  p l a t e a u ,  t h e  Crawford TJpland ( I fa lo t t  , 1922) .  

It is  p a r t  of t h e  Hoosier Na t iona l  F o r e s t .  
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B.4.3 ZONE I11 

Located a t  t h e  sou thern  p o r t i o n  of t h e  wider s t u d y  a r e a ,  Zone I11 

(F igure  B-7) is  d i v i s i b l e  i n t o  s e v e r a l  g e n e r a l l y  east-west  b e l t s  

s t r o n g l y  in f luenced  by l i t h o l o g i c  and s t r u c t u r a l  f a c t o r s .  ?!ith a n  

o v e r a l l  northward d i p  toward t h e  a x i s  of t h e  Moorman Sync l ine ,  

s u c c e s s i v e l y  o l d e r  t r u n c a t e d  rocks  a r e  exposed i n  a  s o u t h e r l y  d i r e c t i o n .  

A t  t h e  n o r t h e r n  p a r t  of Zone I11 is  a smal l  a r e a  of Fennsylvanian 

Coal F i e l d  s t r a t a ,  l o c a l l y  ending a t  f a u l t  l i n e s  s e p a r a t i n g  them from 

M i s s i s s i p p i a n  rock.  The Pennsylvanian s t r a t a  c o n s t i t u t e  t h e  i r r e g u l a r  

edge of a  south-facing d i s s e c t e d  c u e s t a  ( " P o t t s v i l l e  Escarpment") w i t h  

g e n e r a l l y  narrow r i d g e t o p s ,  and l o c a l  r e l i e f  up t o  about 200 f e e t  

(McGrain and Cur ren t s ,  1978).  

South of t h e  Pennsylvanian rock ,  t h e  Ef i s s i s s ipp ian  Ches te r  rocks  

crop o u t ,  forming ano ther  d i s s e c t e d  p l a t e a u .  Ex tens ive  smooth uplands  

u n d e r l a i n  by sands tone  a r e  p r e s e n t ,  s e p a r a t e d  by deep 'gorges .  

Local ly  k a r s t i f i c a t i o n  has  occur red  i n  t h e  under ly ing  l i m e s t o n e s ,  

e s p e ' c i a l l y  a t  t h e  sou thern  margin., Th i s  p l a t e a u  is  a  less k a r s t i f i e d  

c o n t i n u a t i o n  o f .  t h e  "Mammoth Cave P l a t e a u " ,  beneath  which t h e  Ilammoth- 

F l i n t  Ridge Cave system developed f a r t h e r  t o  t h e . e a s t ,  i n  s o u t h  

c e n t r a l  Kentucky. The p l a t e a u  s u r f a c e  i s  s e p a r a t e d  from a  k a r s t  

p l a i n  t o . t h e  s o u t h  by a scarp aad o u t l i e r s  c o n s t i t u t i n g  t h e  sout-h- 

f a c i n g  Dripping Spr ings  Escarpment. 

The Pennyroyal P l a i n  is  a  g e n t l y  r o l l i n g  p l a i n  w i t h  sha l low s ink-  

h o l e s  c a l l e d  b a s i n  k a r s t  by Dicken (1935).  Neares t  t h e  Dripping 

Spr ings  Escarpment t h e  k a r s t  p l a i n  is  formed most ly  on S t e .  Genevieve 

l imes tone ,  and f a r t h e r  s o u t h  on S t .  Louis s t r a t a .  Sinking s t r e a m s ,  

s p r i n g s ,  and r e l a t i v e l y  smal l  caverns  a r e  p r e s e n t .  1 , i tho log ic  d i f -  

f e r e n c e s ,  e s p e c i a l l y  t h e  p resence  of c h e r t  beds,  g i v e  l o c a l  v a r i a t i o n  

t o  t h e  s y t l e  of k a r s t i f i c a c i o n .  S e v e r a l  f e e t  o f  red eart.11 l l~al l t le  

t h e  s u r f a c e  of t h e  upland s w e l l s  and s i n k h o l e  bottoms. Although 









u s u a l l y  r e f e r r e d  t o  a s . r e s i d u u m ,  t h e  r e d  s i l t y  c l a y  has  l i k e l y  

undergone g r e a t  amounts of reworking t o  form col luvium and a l luv ium,  

cnd mixed w i t h  l o e s s .  

S e v e r a l  smal l  s u r f a c e  s t reams ,  f e d  i n  p a r t  by emerging sub- 

t e r r a i n e a n  w a t e r s ,  a i d  i n  d ra inage .  Most head i n  t h e  Chester  p l a t e a u  

a r e a  and d r a i n  southward i n  entrenched v a l l e y s  t o  t h e  Cumberland River .  

However, some p o r t i o n s  of t h e  k a r s t  p l a i n  s e r v e  a s  headwaters f o r  

s t reams  d r a i n i n g  northward downdip through t h e  Dripping Spr ings  and 

P o t t s v i l l e  Escarpments t o  e n t e r  t h e  b a s i n  of Green River  i n  t h e  Coal 

F i e l d .  A s m a l l  p a r t  of Zone I11 o c c u r s  i n  Tennessee,  where t h e  p l a i n  

i s  cons idered  p a r t  of t h e  Highland Rim. 
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