
ANALYSIS AND APPLICATION OF ERTS-1 DATA TOR 3EOlONAL GE0LOO;CAL 
MAPPING 

D. P. Gold, R .  R. Parizek, ar~d S.  A. Alexariiler, Department of Geosciences, The 
Pennsylvenic State University, University %rk, Pennsylvania 16802 

ABSTRACT 

Combined v i s u a l  and d i g i t a l  techniques of analysing ERTS-I 
da t a  f o r  geologic information have been t r i e d  on s e l ec t ed  a reas  
i n  Pennsylvania, The major physiographic and s t r u c t u r a l  
provinces show up we l l ,  Supervised mapping, i , e ,  fol iowing 
t he  imaged express ion of known geologic fea ture8  on BRTS brnd 
5 o n l 6 r g c ~ c n t .  (1:250,000) of p a r t s  of e a s t e r n  Pennsylvania, 
dol imitad tho Diabass S i l l s  rnd t he  Precambrian rock9 bf t he  
Rscdinp Prong with remarkable r s suracy ,  

From ucsspervised a s p p i n g ,  t r ansg re s s ive  l i n e a r  f e a t u r e s  
a r e  apparent i n  unexpected d e n s i t y ,  and exh ib i t  s t rong  con t ro l  
over r i v e r  va l l ey  and stream channel d i r e c t i o n s .  They a r e  
unaffected by bedrock t p e ,  age ,  o r  primary s t ruct .ura1 bound- 
w i e s ,  which suggests  t h ey a r e  e i t h e r  re juvenated basement 
" j o i n t w  d i r e c t i o n s  on d i f f e r e n t  s c a l e s ,  o r  they a r e  a r ecen t l y  
ih!presstd s t r u c t u r e  poss ib ly  a s soc i a t ed  with a  d r i f ' r ing  North 
.slerican p l a t e .  With ground mapping ar ' underf l i g h t  d a t a ,  
6 s c a l e s  of l i n e a r  f ea tu r e s  have been recognized,  v i z . ,  j o i n t s  
(10 's  of f e e t ) ,  f r a c t u r e  t r a c e s  ( s eve ra l  100 ' s  f e e t  t o  1 m i l e ) ,  
sho r t  lineaments (1 t o  5 m i l e s ) ,  in te rmedia te  lineaments ( 5  
t o  50 m i l e s ) ,  long lineaments (>SO miles )  and megalineaments 
( severa l  100 's  of m i l e s ) .  Their  numbers decrease  wi th  increase  
l eng th ,  sug e s t i n  t h e  a r e  r e l a t e d  i n  mechanism through l s t ,  
2nd. 3rd an! poss!bly Kigher order  shears .  'The smal le r  l i n e a r  
f e a t u r e s  a r e  mnortant economically i n  terms of foundation 
engineer ing p r o j e c t s ,  ground water e x p i o i t a t i o n ,  mining, 
tunne l ing ,  e t c , ,  whi le  t h e  l a r g e r  l ineaments appear t o  e x e r t  
sone c o n t r o l  over t h e  emplacement of some base mete? d e p o r i t s ,  

Although t h e  a a s e c i s t i o n  of s c a l e  t c  s t r u c t u r a l  elements 
and geologic f ea tu r e s  i s  i m p l i c i t  in t h e  d e t a i l e d :  r eg iona l ,  
o r  co-piled qeclopic  mrps, and i n  t h e  d i v i s i o n  of some d i s c i p -  
l i n e r  (S t ruc tu r a l  Geo,,ogy versus Tec ton ic r j  oniy i n  5t~ i i ; to r f l  
Analysis is t he r e  a  conrcious inter-lay between s c s l e r  of 
tha  f a b r i c  o r  s t r u c t u r a l  e l emmts  e K a r a c t e r i a t i c  of each 8ca le  
(Turner and Weiss, 1963) . Apart from t h e  d i r e c t  measurement8 
and observat ions  made i n  man-size s c a l e  ( m e ~ ~ s ~ ~ p i c j ,  most of 
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t h e  d a t a  g a t h e r e d  on o t h e r  s c a l e s  i s  s ensed  remotel?-  and 
i i i tcgratec!  i ~ t o  2 composi:e o r  c o s a i c  f o r  viewing i n  t h e  
mesoscopic s c a l e .  

P a i n s t a k i n g  s y n t h e s i s  o r  t h e  i n t e g r a t i o n  of d < i t a  c n  one 
s c a l e  t o  p r o v i d e  i n f o r m a t i o n  on t h e  n e s t  s x a l l e r  s c a l e  o v e r  
many y e a r s  h a s  p rov ided  o u r  r e g i o n a l , S t a t e ,  S a t i o ~ l a l ,  and 
Global  maps. ijowever, t h e  s y n t h e s i s  of  f e a t u r e s  on Gne 
~ c a l e  does n o t  g u a r a n t e e  t h a t  a  l a r g e r  :ea ture  w i l l  n e c e s s a r -  
i l y  be a p p a r e n t  on t h e  s m a l l e r  s c a l e  map g e n e r a t e d ,  because 
of a r t i f a c t s  i n  mosa ic ing ,  p o o r l y  k n o ~ n  s c a l i n g  l a ~ s ,  and 
t h e  i n c o n s i s t e n t  c o n d i t i o n s  ( v a r i a b l e  sun  a n g l e ,  a l b e d o ,  
s e a s o n s ,  e t c ! ,  of d a t a  c o l l e c t i o n ,  a r e  more l i k e l y  t o  
obscu re  rhan  enhance s u b t l e  f e a t u r e s .  Hence t h e  va lue  of 
t h e  ERTS imagery. 

U n f o r t u n a t e l y ,  most remote sensed  d a t a  a r e  s u r f i c i a l  i n  
n a t u r e ,  and t h e  f e a t u r e s  d i s p l a y e d  a r e  b u t  t h e  t r a c e  on t h e  
s u r f a c e  a;iposed o f  5 -6 i r . ens iona l  s t r u c t u r s l  e l e m - t s ;  Tn te r -  
p r e t a t i c n  anu c o r r e l a t i o n  of s u b s u r f a c e  f e a t u r e s  a11d p a r a -  
me te r s  r e q u i r e s  a  background knowledge o f  t h e  geometry and 
n a t u r e  sf t h e  pa rame te r  s o u g h t .  P ~ o v i n g  u t i l i t y  and p r s -  
d u c t i o n  from a  remote ly  sensed  c l a s s  of  f e a t u r e  may t a k e  
y e a r s  of  d e t a i l e d  "ground t r u t h "  d a t a  g a t h e r i n g  by d r i l l  
h o l e s ,  g e c p h y s i c a l  p r ? b e s ,  and pumpiilg t e s t s  ( P a r i z e k ,  1971a) . 

.4lthough o u r  g o a l s  a r e  b r o a d e r  based  we have conccn-  
t r a t e d  on !a] t e s t i n g  t h e  u t i l i t y  of  Regional  Geo log ica l  
Mapping hy s t u d y i n g  a  few w e l l  known a r e a s  i n  d e t a i l ,  and 
(b)  i n  c l a s s i f y i n g  t h e  l i n e a r  t r a n s g r e s s i v e  f e a t u r e s  
a p p a r e n t  on a l l  s c a l e s  of o v e r f l i g h t  imagery.  We f e e l  
t h a t  t h e  l a t t e r  s t u d y  w i l l  h a f e  t h e  b e s t  and q u i c k e s t  
economic p a y - o f f  (hydrogeology,  e n g i n e e r i n g  geo logy ,  o r e  
d e p o s i t s )  because  we have c o n s i d e r a b l e  ground d a t a  f o r  
e s t a b l i s h i n g  c o r r e l a t i o n s ,  and because  t h e r e  i s  a  t h e c -  
r e t i c a l  base  f o r  p o s s i b l y  l i n k i n g  l i n e a r  f e a t u r e s  through 
s c a l e  (McKinstry, 1953;  Moody and h i i l ,  1956;  P r i c e ,  1966) .  

3 .  METHODOLOGY 

The methodology, i s  c o n t i n u a l l y  deve lop ing  as  we g a i n  
e x p e r i e n c e  i n  i n t e r p r e t i n g  t h e  imagery and l e a r n  t o  r ecogn ize  
t h e  r e a l  s i g n a l s .  The c r i t e r i a  used i n  mapping l i k e  a r e a s  , . 
t'lsuai ~ ; ~ ~ i ; a i - i ; j -  iii t;x, P-sti2.1 ~ : t t e r z s .  c r  t c x t z r r )  
a r e  c l a s s i f i e d  a c c o r d i n g  t o  Ghe the r  t h e y  r e p r e s e n t  a d i r e c t  
o r  i n d i r e c t  m a n i f e s t a t i o n  o f  t h e  bedrock c o n d i t i o n .  I n  
f o r e s t e d  areas such  as i n  Pennsy lvan ia  a knowledge o f  t h e  
i n d i r e c t  i n d i c a t o r s  i s  impor t an t  f o r  g e o l o g i c  i n t e r p r e t a t i o n s  
even though t h e i r  r e l a t i o n s h i p  t o  t h e  bedrock  c o n d i t i o n s  
may n o t  be unde r s tood .  
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The 111ain parameters  ( c r i t e r i a )  csed  a r e  : 
(a)  Boundaries o r  i n t e r f a c e s  t h a t  s e p e r a t s  a r e a s  of d i t f e r e n t  

t o n e ,  t e x t u r e ,  o r  p a t t e r n .  Whereas i r r e g u l a r  boundar ies  
g e n e r a l l y  r e s u l t  from d i f f e r e n c e s  i n  l and  u s e  ( a r a b l e  
l and  ve r sus  f o r e s t s ; ,  smooth and r e g u l a r  boundar ies  
commonly r e f l e c t  geo log ic  c o n t r o l ,  e x p e c i a l l y  where 
l a y e r e d  rocks a r e  involved.  Combinations of t h e s e  two 
h a b i t s ,  e . g . ,  f o ~ e s t  cover  over  u n t i l l a b l e  rocky a r e a s ,  
en:.ance t h e  c o n t r a s t  and t h e  interpretability i f  t h e  
c o r r e l a t i o n  can be made and t h e  cause  i d e n t i f i e d  from 
t h e  ground t r u t h  d a t a .  The d i a b a s e s i l l s  iri e a s t e r n  
Pennsylvania show up b e s t  on band S because of  t h e i r  
ove r l ay ing  f o r e s t  cover  i n  c o n t r a s t  w i t h  t h e  surrounding 
c u l t i v a t e d  f i e l d s .  

( G )  L inear  t r a n s g r e s s i v e  f e a t u r e s  ( l ineaments )  t h a t  shows a s  
a  narrow band c o n t r a s t i n g  i n  t o n e ,  topography,  o r  
d i s p l a c i n g  a r e a s  o f  l i k e  tone  o r  p a t t e r n .  These a r e  
g e n e r a l l y  long f e a t u r e s  ( 5  +o s e v e r a l  hundred K l l e s )  
and some morphologica l ly  r e 8 > r e s e n t  t h e  al ignment of 
wind and water  gaps:  other:  r e p r e s e n t  t h e  s u r f a c e  
express ion  of d i k e s ,  f a u l t s ,  zones of  f r a c t u r e  concen- 
t r a t i o n s ,  e t c . ,  wi thout  any apparen t  d isplacement .  

The main s t a g e s  i n  ana lys ing  ERTS d a t a  a r e :  
( a )  Primary c o r r e l a t i o n  w i t h  t h e  a v a i l a b l e  ground t r u t h  

g e ~ l ~ g i c  boundar ies  on 1 : 1 ~ 1 ~ 6  s c a l e  and enlargements 
(1-250,000) o f  ERTS imagery u s i n g  combinations of  
channe 1s. 

(b) Mapping and c l a s s i f i c a t i o n  of anomalous f e a t m e s .  
(c)  Computerized mapping of  s e l e c t e d  a r e a s  us ing  c l u s t e r  

a n a l y s i s  on d i g i t a l  d a t a ,  w i t h  t h e  pa ramete r s  c o n t r o l l e d  
(supervised)  from t r a i n i n g  a r e a s .  

(d) Unsupervised computer mapping, t o  b r i n g  o u t  any l a t e n t  
f e a t u r e s  t h s t  might have g e o l o g i c  s i g n i f i c a n c e .  

4. RESULTS OF MAPPING PRIMARY STRUCTURES 

Although t h e  necessa ry  programs have been developed f o r  
s t a g e s  (c)  and ( d ) ,  we have n o t  y e t  p rogressed  beyond t h e  b a s i c  
c o r r e l a t i o n s  and c l a s s i f i c a t i o n s .  The c o n t a c t s  of some l i t h -  
o l o g i c  - boundar ies  i n  e a s t e r n  Pennsylvania ,  e .g . ,  t h e  Conestoga 
rormat ion ,  t h e  Diabase S i l l s ,  and t h e  Precambrian i n l i e r s  o f  
t h e  Reading Prong, can be p l a c e d ,  Gsing band 5  imagery a t  a  
s c a l e  o f  1;250,000 w i t h  an accuracy of 400m(1/4 mi le)  w i t h  
r e s p e c t  t o  t h e  Geologica l  Map of  Pennsylvania(Figure  1 ) :  
Much of  t h i s . e r r o r  may be  i n  t r a n s f e r r i n g  boundar ies  from t h e  
ERTS imagery t o  t h e  base  map. 



The physiographic  p rov inces  i n  Pennsylvania show up 
w e l l ,  p a r t i c u l a r l y  t h e  "Folded Appalachian Be l t "  i n  bands 
5 and 7. However, l i t t l e  new geology can be added t o  t h e  
e x i s t i n g  g e o l o g i c a l  maps, but  t h e  remarkable c o r r e l a t i o n  
between t h e  imaged and t h e  ground t r u t h  boundaries demcn- 
s t r a t e s  t h e  f e a s i b i l i t y  of  l o c a t i n g  geo log ic  c o n t a c t s  i n  
unmapped a r e a s .  An example o f  t h e  combined use of t o n e ,  
boundary shape ,  v e g e t a l  cover ,  and c h a r a c t e r i s t i c  s p e c t r a l  
response  i s  i n  t h e  mapping of  t h e  d iabase  s i l l s  and flows 
i n  e a s t e r n  Pennsylvania (Fig .  1 ) .  Some of t h e  o r e  d e p o s i t s  
a s s o c i a t e d  wi th  t h e  d iabase  a r e  a l i g n e d  a long a  p o s s i b l e  
t r a n s g r e s s i v e  l i n e a r  zone t h a t  i s  not  apparen t  on t h e  images 

5. LINEAR FEATURES ( see  Figure  Za, b ,  c ,  and d l .  

I n t r o d u c t i o n  

Perhaps t h e  most encouraging a ~ 2  xnexpec ted  f e a t u r e s  e n  
t h e  ERTS imagery a r e  t h e  number, d i s t r i b u t i o n  and p a t t e r n s  
of  u n s p e c i f i e d  l i n e a r  f e a t u r e s .  Geologisss  have long recoa-  
n ized  t h e  presence  of s t r a i g h t  t o  s l i g h t l y  curved l i n e a r  
f e a t u r e s  on t h e  e a r t h ' s  s u r f a c e .  These va ry  i n  s i z e  from 
1 0 ' s  t o  1 0 0 ' s  o f  f e e t  f o r  t h e  s y s t e m a t i c  and non-sys temat ic  
j o i n t s  t o  " l i n e a t i u n s "  10's o f  mi les  long t h a t  commonly 
had no obvious f i e l d  express ion  and were v i s i b l e  on a e r i a l  
a i r p h o t o  mosaics.  To d i s t i n g u i s h  among f e a t u r e s  r ecogn izab le  
on a e r i a l  photographs ,  Lattman (1958) d e f i n e d  a  " f r a c t u r e  
t r a c e "  a s  a  " n a t u r a l  l i n e a r  f e a t u r e  c o n s i s t i n g  of  topograph ic  
( i n c l u d i n g  s t r a i g h t  s t r eam segments) ,  v e g e t a t i o n ,  o r  s o i l  
t o n a l  a l ignments ,  v i s i b l e  p r i m a r i l y  on a e r i a l  photographs ,  
and expressed  con t inuous ly  f o r  l e s s  than  one mile". Those 
g r e a t e r  t h a n  one mi le  he termed "l ineaments".  Wise (19683 
termed t h e s e  r e g i o n a l  and s u b - c m t i n e n t a l  s i z e d  f r a c t u r e  
systems " l i n e a r s " ,  and no ted  t h e i r  independence of  r e g i o n a l  
s t r u c t u r e .  A cons ide rab le  amount o f  work has  been done w i t h  
j o i n t  t r a c e s ,  and j o i n t  o r i e n t a t i o n  s t u d i e s  i n  t h e  f i e l d ,  and 
more r e c e n t l y  ( s i n c e  1957) wi th  f r a c t u r e  t r a c e s .  Inc lud ing  
ground based and a i r c r a f t  o v e r f l i g h t  d a t a  we now recogn ize  a t  
l e a s t  6  s c a l e s  of  l i n e a r  f e a t u r e s ,  and whi le  t h e r e  i s  a l i n k  
between j o i n t s  and f r a c t u r e  t r a c e s ,  theory  sugges ts (McKinst ry ,  
1953; Badgley, 1965; Moody and H i l l ,  1956; P r i c e ,  1966) t h a t  
t h e  same mechanism may l i n k  a l l  s c a l e s .  

Recognit ion and C h a r a c t e r i s t i c s  ?i 

I n  a d d i t i o n  t o  t h e  c r i t e r i a  l i s t e d  above,  f r a c t u r e  t r a c e s  
may be r e v e a l e d  by s t r a i g h t  v a l l e y  segments,  ab rup t  changes 
i n  v a l l e y  a l ignment ,  gaps i n  r i d g e s ,  g u l l c y  development, 
a l i g n e d  s i n k  h o l e s  and swallow h o l e s ,  l o c a l i z e d  s p r i n g s  and d i f f u s e  
seepage a r e a s ,  l o c a l i z e d  v e g e t a t i o n a l  d i f f e r e n c e s ,  e t c . , ( F i g .  Za, 
Zb) , (Pa r i zek ,  1971a and b ) .  F r a c t u r e  traces and l ineaments  are 
commonly s t r a i g h t ,  u n a f f e c t e d  by topography,  and hence a r e  
cons ide red  s u r f a c e  m a n i f e s t a t i o n s  o f  v e r t i c a l  t o  n e a r - v e r t i c a l  
zones o f  f r a c t u r e  c o n c e n t r a t i o n  (Mollard,  1957a and 1957b; 
Hough, 1960; Lattman and Parxzek,  1964; P s r i z e k  and Voight ,  
1970, Pa r i zek  1971a and 1971b). I n  c a r b m a t e  t e r r a n e s ,  s u r f a c e  



sags  and depress ions  2-10 f t .  deep may develop along f r a c t u r e  
r r ace s  o r  open s ickholes  ?O t o  50 f t .  deep may occur .  The 
width of these  depress ion appears t o  vary wi th  t h e  th ickness  
of weathered mantle above bedrock and t h e  width of t h e  zone 
of f r a c t u r e  concen t ra t ion .  Calkins (1966) found t h a t  
f r a c t u r e  t r a c e s  i n  g r a n i t e  represen t  l i n e a r  depress ion 2 - 8  f t .  
deep and 15 t o  200 f t .  wide. Par izek (1971b) has measured 
zones from 10 t o  cl!er 1 0 0  f t . ,  wide i n  var ious  rock types 
i n  t h e  United S t a t e s ,  and l o c a l l y  i n  Pennsylvania,  has 
found zones 20 t o  40 f t .  wide i n  folded and f a u l t e d  carbonate 
rocks.  In  s i l t - s t o n e s  and sha l e s  of no r theas t e rn  Pennsylvania 
they va r i ed  from 15  t o  over 60 f t .  wide, and average 39 f t .  
There, zones of f r a c t u r e  concen t ra t ion  maybe i nc l i ned  only 
2 t p  3 degrees from v e r t i c a l  (Par izek ,  1971a).  Ind iv idua l  
j o i n t s  may be c l o s e l y  spaced,  5  t o  over 60 i n  n u ~ b e r ,  sub 
p a r a l l e l  t a  p a r a l l e l ,  and c u t  a l l  beds equa l ly  w e l l ,  o r  
be concentra ted i n  s e l e c t e d  bedrock u n i t s  without v e r t i c a l  
con t inu i t y .  

Rela t ionship  t o  S t r u c t u r e  

Pa ra l l e l i sm  has been recognized between f r a c t u r e  t r a c e s  
o r i e n t a t i o n  and j o i n t s  i n  r e l a t i v e l y  undeformed bedrock of 
Pennsylvanian age of t h e  Appalachian P la teau  (Lattman and 
Nickelson, 1958) and f l a t - l y i n g  rocks elsewhere (Yough, 1960; 
Boyer and McQueen, 1964).  In  fo lded  rocks f r a c t u r e  t r a c e s  
and j o i n t s  have been f o u ~ d  t o  have d i f f e r e n t  t r ends  (Lattman 
and Matzke, 1961; Keim, 1961). These au thors  found t h a t  j o i n t  
s e t s  a r e  p a r a l l e l  and perpendicu la r  t o  t h e  s t r i k e  of bedding 
i n  Nit tany Val ley,  and t h a t  f r a c t u r e  t r a c e s  a r e  un re l a t ed  
t o  l o c a l  f o l d  and f a u l t  s t r u c t u r e s .  Dominant t r ends  of 
f r a c t u r e  t r a c e s  and j o i n t s  d i f f e r ;  f r a c t u r e  t r a c 2 s  appear t o  
be unaffected by t i g h t  f o l d s  and tend t o  l i e  a t  a  cons tan t  
(52") angle t.o reg iona l  s t r u c t u r e  i n  Cent ra l  Pennsylvania.  
(Fig.  2b). This work, t oge the r  wi th  t h a t  of Calkins  (1966) 
and Lattman and Segovia (1961), suppor t s  t h e  conclusion t h a t  
f r a c t u r e  t r a c e s  a r e  no t  c o n t r o l l e d  by l o c a l  s t r u c t u r e  but  
r a t h e r  by reg iona l  f e a t u r e s .  

Appl icat ion t o  Hyrogeologic and Engineering S tud ies  

Lattman and Par izek (19642 e s t a b l i s h e d  t h e  important  
r e l a t i o n s h i p  between t h e  occurence of  ground water  and f r a c t u r e  
t r a c e s  f o r  carbonate a q u i f e r s ,  and i n  p a r t i c u l a r  t h a t  f r a c t u r e  
t r a c e s  a r e  under la in  by zones of l o c a l i z e d  weather ing,  inc reased  
p e m e a b i i i t y a n d  po ros i t y ,  Highly product ive  we l l s  used i 

f 

i n  t h e i r  s tudy  were i n t e n t i o n a l l y  l oca t ed  by Par izek on j 
one f r a c t u r e  t r a c e  o r  a t  f r a c t u r e - t r a c e  i n t e r s e c t i o n s ;  t h e  
low producing wel l s  more commonly proved t o  be o f f  f r a c t u r e s  f 

t r a c e s .  S idd iqu i  (1969), S idd iqu i  and Par izek (1969, 1971a, 
and 1971b) f u r t h e r  demonstrated t h a t  f r a c t u r e  t r a c e s  a r e  
t h e  su r f ace  express ion  or" zones of inc reased  penheab i l i t y  
and porosity. Moreover f r a c t u r e  zones form an i n t e r l a c e d  
network i n  most t e r r a n e s  (F i  .2b) s e rve  a s  l o c a l  ground-water feed- 
e r  rou t e s  from more massive % locks  of  rock i n  i n t e r - f r a c t u r e  



a r e a s ;  and sxpp ly  w a t e r  t o  r e g i o n a l  c o n d u i t s ,  which i n t u r n  may 
be l o c a l i z e d  by t h e s e  same f e a t u r e s .  

I n c o r r e c t  l o c a t i o n  o f  f r h c t u r e  t ' r a c e s  p robab ly  a c c o u n t s  
f o r  t h e  l a c k  o f  c o r r e l a t i o n  between w e l l  y i e l d s  and f r a c t u r e s  
t r a c e s  ( M e i s l e r ,  1963) f o r  c a r b o n a t e  r o c k s  i n  t h e  Lebanon 
V a l l e y ,  n e a r  H a r r i s b u r g  ( P a r i z e k ,  1971b).  Favorab le  r e l a t i o n -  
s h i p s  between w e l l  y i e l d s  and f r a c t u r e  t r a c e s  have been 
r e p o r t e d  from a s  f a r  a f i e l d  a s  Sao Pau lo ,  B r a z i l  ( S e t z e r ,  
1966).  Wobber (1967) s u g g e s t e d  t h a t  f r a c t u r e  t r a c e s  may 
be u s e f u l  i n  l o c a t i n g  zones o f  i n c r e a s e d  p e r ~ e a b i l i t y  i n  
bedrock i n  I l l n o i s ,  o v e r l a i n  by g l a c i a l  d r i f t .  He found 
an a s s o c i a t i o n  between f r a c t u r e  t r a c e  o r i e n t a t i o n s ,  and t h a t  
o f  bedrock j o i n t s  b u r i e d  by up t o  150 f t .  o f  d r i f t .  

P a r i z e k  and Voight  (1970) showed t h a t  f r a c t u r e  t r a c e s  
cou ld  be used  i n  g e o t e c h n i c a l  i n v e s t i g a t i o n s  t o  p r e d i c t  zones 
o f  i n c r e a s e d  w e a t h e r i n g  i n  advance o f  f o u n d a t i o n  e x p l o r a t i o n ;  
a r e a s  of  p o t e n t i a l  r o o f  c o l l a p s e  and e x c e s s  w a t e r  i n  mining 
and t u n n e l i n g  o p e r a t i o n s ;  and l e a k a g e  benea th  dams and i n t o  
e x c a v a t i o n s  w i t h i n  bedrock .  Zones o f  f r a c t u r e  c o n c e n t r a t i o n  
a l s o  c o u l d  be  mapped t o  account  f o r  seepage  p r e s s u r e   aria- 
t i o n ,  r i s k  o f  blowouts  and p i p i n g ,  and s t r e n g t h  v a r i a t i o n s  
w i t h i n  bedrock.  D e t a i l e d  knowledge of t h e  s i g n i f i c a n c e  
and d i s t r i b u t i o n  o f  zones o f  f r a c t u r e  c o n c e n t r a t i o n  a l s o  i s  
u s e f u l  i n  p l a n n i n g ,  d e s i g n i n g ,  and conduc t ing  g r o u t  o r  c u t -  
o f f  w a l l  o p e r a t i o n s ,  and i n  l o c a t i n g  h i g h 1 ; - - e f f e c t i v e  
p r e s s u r e  and d r a i n a g e  w e l l s .  P a r i z e k ,  (19713) ;  and P a r i z e k  
and T a r r ,  (1972) ;  Koppe and Thompson, (1972) ,  showed how t h e y  
can be employed i n  a c i d  mine d r a i n a g e  abatement  p r o j e c t s .  

F a u l t s  
High a n g l e ' f a u l t s  and f a u l t  zones a r e  common i n  t h e  

A-ppalachian f o l d e d  r o c k s .  S t r a t i g r a p h i c  s e p a r n t i o n s  o f  o n l y  
a  few f e e t  a r e  g e n e r a l l y  s u f f i c i e n t  t o  c o n c e n t r a t e  ground 
w a t e r  f l ow,  and hence  s o l u t i o n  and w e a t h e r i n g .  Exposures  
i n  caves  and q u a r r i e s  r e v e a l  t h a t  o t h e r  f a u l t  zones a r e  
t i g h t  and do n ~ t  f a c i l i t a t e  wea the r ing .  I n  N i t t a n y  V a l l e y  
t h e  p r e s e n c e  o f  major  s p r i l ~ g s  on f a u l t  zorles i n d i c a t e s  t h e l r  
r e g i o n a l  i n f l u e n c e  i n  t h e  v a l l e y  hydrogeology ( P a r i z e k ,  
1971b).  T h r u s t  f a u l t s  i n  t h e  Appalachian  f o l d e d  r o c k s  
t e n d  t o  be  s e v e r a l  m i l e s  t o  t e n s  o f  m i l e s  i n  l e n g t h .  They 
have t h e  p o t e n t i a l  o f  e x e r t i n g  r e g i o n a l  c o n t r o l s  on 
p e r m e a b i l i t y  and  may l o c a l i z e  ground-water  d r a i n s .  Warman 
and Causey (1962) i n d i c a t e  t h a t  t h r u s t  f a u l t s  i n  Alabama 
form t h e  p r i n c i p a l  r e s e r v o i r s  and c o n d u i t s  a l o n g  which ground 
w a t e r  from deep and d i s t a n t  s o u r c e s  r e a c h e s  t h e  s u r f a c e .  



Lineaments (linears) 

Much less is known about linear features a mile or more 
in length. Hobbs, (1905, 1911), and more recently Lattman, 
Parizek, Wise and others have noted their presence in Penn- 
sylvania,(see figure 2 e and d). 

Stveral lineaments that transgress regional structural 
grain and also physiographic province boundaries have been 
discovered from visual examination of the ERTS MSS images. 
Four tentative scales of lineaments have been recognized, 
viz,, 1 to 5 miles long features, 5 to 50 features, 50 to a 
few hundred miles, and megalineaments on a subcontinental 
scale. Little is known about the length, frequency, and 
relationship to fracture traces and joints, but there appears 
to be an inverse relationship of length to abundance and 
density. Lineament mapping from ERTS tapes is cumbersome 
because of their variability in lenith, and unreliable 
because of their variation in expression along strike (e.g., 
between ridges and valleys, or even from one valley to 
another), and the difficulty of distinguishing man-made 
effects (roads, field boundaries, etc.), and machine 
artifacts. 

Lineaments have the same morohological characteristics 
as fracture traces except in that they are wider, longer, 
are not at all obvious in the field, and exert a major 
influence on topography. Years of airphoto mapping and 
field work in central Pennsylvania did not reveal many of 
the lineaments so obvious on the ERTS images, although it 
was known that the wind gaps and water gaps in the ridges 
may be aligned. 

-4lthough most of the lineaments are straight, some are 
gently curved and appear to be independent of regional struct- 
ural trends. However, some of the long lineaments, spaced 
about 10 miles apart are approximately perpendicular to the 
Appalachian trend, and fan with the Appalachian orocline. 
Offsets and drag features are associated with the east-west 
striking line lineaments, e.g,, north of Harrisburg, and through 
the South Mountains near Gettysburg, and must represent the 
trace of faults. In the test area east of Harrisburg, the 
intermediate and short lineaments appear to be conjugate with 
an angle of about 30' to a northwesterly trending axis, 
Likewise these shorter lineaments cut across regional primary 
structure and even the major physiographic province boundaries, 
Generally, 'they are spaced less than a mile apart. Except 
for lineaments coincident with known faults, their physical 
nature in 3 dimensions is not known, but by analogy with the 
fracture traces we speculate they are underlain by-zones of 
fractured and joined rocks and represent zones of deformaticn 
or movement between "jostlingtv blocks. They transgress rocks 



from Precambrian t o  T r i a s s i c  age i n  Pennsylvania,  and though 
they a r e  blanketed by t h e  P le i s tocene  l a c i a l  d r i f t  i n  p a r t  f of t h e  S t a t e  they a r e  not  obscured by t ,  They must be 
e i t h e r  a  reyuvinated c r u s t a l  f r a c t u r e  system impressed on t he  
younger rocks and i n  a  sense a r e  a  r e f l e c t i o n  through 
t he  cover rocks of a c t i v e  c r u s t a l  " j o i n t s " ,  o r  they rep-  
r e sen t  t he  deformation i n  response t o  a  wide-spread and 
pervas ive ly  imposed s t r e s s  f i e l d  as would be expected from 
R d r i f t i n g  North American p l a t e .  

P o t e n t i a l  Appl ica t ions ;  Research Di rec t ions  
There i s  urgent need f o r  a  gene t i c  c l a s s i f i c a t i o n  of 

l l l i n e a r s u  and t h e  development of an appropr ia te  d e s c r i p t i v e  
terminology, Lineaments wi th  r s s o c i r t e d  o f f s e t s  most pro-  
bably a r e  t he  t r a c e  of f a u l t s  o r  f a u l t  zones; o the r s  a r e  
tha  t r a c e  of d ika s ,  For t h e  major i ty  of l inaamants ,  d i sp l aca -  
mants arm not rpparant  but  bacauae of a  c o r r a l a t i o n  i n  minas 
t o  zonas of poorer r o c i  condi t ion  and increased  dens i t y  
of j o i n t s  (broken ground), and a l s o  an inc rease  i n  dens i t y  of 
j o i n t s  i n  t h e  wind m d  water gaps t h a t  de f ine  t h e  longer  
l ineaments ,  we p r e d i c t  they a r e  su r f ace  mani fes ta t ions  of 
imposed mechanical breaks wi th  l i t t l e  o r  no displacement,  
i . e . ,  s ca l ed  up f r a c t u r e  t r a c e s .  

I t  i s  obvious from a  comparison of f i g u r e s  2a, b ,  c ,  and 
d ,  t h a t  t h e  dens i t y  of l i n e a r  f e a t u r e s  ( f r a c t u r e s )  i s  r e l a t e d  
t o  s c a l e ,  but  t h i s  r e l a t i o n s h i p  has y e t  t o  be quan t i f i ed .  By 

analope 
wi th  f r a c t u r e  t r a c e s  and j o i n t s  (Par izek ,  1971a,1971b; 

Pa r i ze  and Voight, 1970) it i s  reascned t h a t  most l ineaments 
a r e  approximately v e r t i c a l  zones of j o i n t  concen t ra t ion .  
~ l t h o u g h  t h e  r e l a t i o n s h i  of j o i n t  fEequency t o  (a)  r e s i d u a l  
s t r e s s  a f t e r  f a u l t i n g ,  ( YJ ) s t r a i n  energy of : i th3logy,  (c) 
th ickness  of beds,  and (d) degree of  t e c t o n i c  deformation, .  a r e  
rccognized (P r i ce ,  19661 ,  no model has y e t  been proposed 
l i nk ing  " j o i n t s v  and f r a c t u r e s  on d i f f e r e n t  s c a l e s ,  

Because most j o i n t  and f r a c t u r e  t r a c e s  a r e  e s s e n t i a l l y  
v e r t i c a l ,  t h e  in te rmedia te  p r i n c i p a l  s t r e s s  a x i s  of t h e  essoc- 
i a t e d  s t r e s s  f i e l d  should a l s o  be v e r t i c a l ,  We suggest  t h a t  
t h e  2nd order  shear  mechanism McKinstry, 1953) app l ied  t o  a  4 wrench f a u l t  model Moody and ill, 1956; Badgley 1965) a s  a i a 
workin hypothes i s  o r  g e n e t i c a l l y  r e l a t i n  c e r t a i n  " l i n e a r s t l  f i ... 
of d i f  e r e n t  s i z e  and dens i t y ,  Anderson ( 951) showed t h a t  
under these  condi t ions  (a  2 v e r t i c a l )  t ha  s t r e s s e s  near  t ha  
c a n t a r  of t h e  f a u l t  were r e l i e v e d  by #au l t  movenent bu t  t h a t  t h e  
o r i  i n a l  l e v e l  of s t r e s s  i s  equa l led  o r  exceedeo a t  a d i s t m c e  I of a 4  t imes t h e  l en  t h  of t h e  f a u l t ,  pe rpendicu la r  t o  t h e  f f a u l t  p l m e ,  This g  ves a t h e o r e t i c a l  d i s t r i b u t i o n  of  f a u l t s  
o r  zones of f r a c t u r e ,  f o r  s t r e s s  c m  a l s o  be r e l i e v e d  by t h e  



development of j o i n t s  ( P r i c e ,  1966).  

For a  very  simple model t h a t  assumes f r a c t u r e s  ( j o i n t s )  
t o  develop along t h e  p l a n e s  of maximum shear  s t r e s s  o r i e n t e d  
symmetr ica l ly  a t  30' t o  each s u c c e s s i v e  o r d e r  of  normal 
s t r e s s  and t h a t  each o r d e r  "shear"  w i l l  5e  s e p a r a t e d  by a  
d i s t a n c e  of  0.5 t h e  l e n g t h  o f  i t s  a s s o c i a t e d  h igher  o r d e r  
s h e a r ,  t h e n  t h e  number of j o i n t  bounded blocks  p e r  u n i t  a r e a  
i n c r e a s e s  by 2 2n-1 ,  where n  i s  t h e  o r d e r  number. The u n i t  
a r e a  chosen may vary  i n  s i z e ,  b c ,  f o r  each a r e a  t h e  l o n g e s t  
" f r a c t u r e "  i s  ass igned  t o  o r d e r  1. This  model n e g l e c t s  t h e  
asymmetry of  t h e  ( n + l ) t h  "shears"  t o  t h e  normal of t h e  n t h  
"shear" (KcKinstry,  1953) and y i e l d s  only  3 d i r e c t i o n s  of 
f r a c t u r e  i n s t e a d  of 8 (Moody and H i l l ,  1956).  However, t h i s  
should  a f f e c t  t h e  p a t t e r n  and n o t  t h e  s i z e  of  t h e  r e s u l t i n g  
" f r a c t u r e "  b locks .  

This  model a t  l e a s t  p r e d i c t s  f r a c t u r e  d e n s i t y ,  which 
should  be ameanable t o  t e s t i n g  us ing  ERTS, u n d e r f l i g h t ,  and 
ground m a p ~ i n g  d a t a .  I f  t h e  t h i c k n e s s  t o  j ' n t  i n t e r v a l  
r e l a t i o n s h i p  ( P r i c e ,  1966) ho lds  f o r  t h e  l a r g e r  l ineaments ,  
t h e n  t h e  r o o t s  t o  t h e  l ineaments  must be deep and r e p r e s e n t  
a  n e g l e c t e d  element i n  Global t e c t o n i c s .  

There can be l i t t l e  doubt t h a t  l ineaments  must have a  
subsur face  c o n t r o l  s i m i l a r  t o  t h a t  of  f r a c t u r e  t r a c e s ,  because 
i n  ou t  s tudy  a r e a t h e y  e x h i b i t  a  s i m i l a r  s t r o n g  c o n t r o l  over 
t h e  p o s i t i o n  and d i r e c t i o n  o f  r i v e r  v a l l e y s .  Streams once 
e s t a b l i s h e d  may be t r a p p e d  i n  t h e i r  p r e s e n t  p o s i t i o n  c o n t r o l -  
l e d  by t h e s e  v e r t i c a l  "zones of  weakness", and underscores  
t h e  r o l e  o f  l ineaments  i n  t h e  e v o l u t i o n  o f  r i v e r  v a l l e y s  
and topography. 

We a r e  on t h e  verge  of  many e x c i t i n g  d i s c o v e r i e s  which i s  
i n e v i t a b l e  whenever a  new r e s e a r c h  t o o l  improves on t h e  
r e s o l u t i o n  of f e a t u r e s  t h a t  were p r e v i o u s l y  r a t h e r  obscure .  
Hardware of t h e  ERTS program prov ides  us  w i t h  such a  t o o l .  
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Fipurc 2t-). Trarrare traces (laree anow) fauttly ~is;hle in cultivated field! and forest in Pennsylvarua. 
undcrlsin b!: 5 :a mow than 100 feet of residual snils derived from folded limcs1onc. dolomite, and 
sandy dolom~tc. Systematic jorn: sets account for ~ h c  mottled tonal patterns in the cu1:;vated areas 
4 small arroas). (Modified aher Parwk.  1 Q69. USOA acrid phatograph AQC~DT)-IO).  

Figure Z(b). Distributfon of fracture t r ~ m  war State College, Pcnnsylda. Note that the fr.r!crc 
traces ue gcnerdly ltrs than 1 mile long, are straight wtn In folded rocks, an nor ns#smr& unE 
fomiIy distributed, and may diy?; :l;q or mn prominent oiientatioru. (After P d k  and 
Drew, :966). 



F ; ~ ~ ~  26~) .  n v ~ ~ , , , : ~ - .  t t ,  + . ~ n ~ ~ r ~ ~ ~ ~ ~ l ~ ~ e ~ '  I ~ I ~ J I T , C ~ I ! ,  : r ~ ~ c v I ~ g  I I I '  u a i ~ e b  a11d kAdge, G r ~ a !  \'a1!?! . 
Tr13ss~L R~I.~I. md Padrniml <!rurturrl p sur~n~cs  elst oi ilarraburg. Pa. The Sucjuehmn~ R~rer 
appears in ihr !i*wer left. and ihr SchuyLil! Ktvcr in [he nur~l~eag ha l l  of the f~pars. Rerdlnp 15 

luiartd on ihr S;'iuykll near illc rcntcr of lilr fieurr. tEnl3rpemmtr u i  ERTS i n l e e  I i lh-1'1~1: 

and Wilkes-barE. 




