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INTRODUCTION 

T h i s  p a p e r  p r e s e n t s  a  r ev iew o f  t h e  a c t i v i t i e s  o f  t h e  
Colorado School  o f  Mines on t h e  Bonanza P r o j e c t .  A c t i v i t i e s  
p r i o r  t o  1971 a r e  i n c l u d e d  i n  t h i s  review o n l y  i n  a  g e n e r a l  
way; a c t i v i t i e s  d u r i n g  1971 a r e  d i s c u s s e d  i n  d e t a i l .  

The Bonanza P r o j e c t  i s  a  j o i n t  e f f o r t  o f  t h e  Colorado 
School  o f  Mines (CSM) and t h e  Mar t in  M a r i e t t a  C o r p o r a t i o n  
(MMC) .  CSM b r i n g s  t o  t h i s  e f f o r t  f a c u l t y  and g r a d u a t e  
s t u d e n t s  w i t h  recogn ized  a b i l i t y  i n  t h e  g e o l o g i c a l  s c i e n c e s ,  
w h i l e  MMC h a s  demons t ra ted  competence i n  a e r o s p a c e  t echno logy .  
T h i s  combined c a p a b i l i t y  t h e n ,  working t o g e t h e r  w i t h  t h e  
same d a t a  from d i f f e r e n t  approaches ,  a t t e m p t s  t o  maximize 
t h e  e x t r a c t i o n  of  g e o l o g i c  i n f o r m a t i o n  from remote s e n s o r  
d a t a .  

The Bonanza P r o j e c t  began i n  1969 w i t h  a  g r a n t  from 
t h e  O f f i c e  o f  U n i v e r s i t y  A f f a i r s  ( O U A ) .  S i n c e  t h a t  t i m e ,  
s u p p o r t  h a s  come j o i n t l y  from b o t h  OUA and t h e  E a r t h  Resources 
Survey Program O f f i c e ,  under  NASA Grant  NGL 06-001-015. 
D r .  Arch Park  i s  t e c h n i c a l  moni to r  o f  t h i s  g r a n t .  

The o b j e c t i v e s  o f  t h e  Bonanza P r o j e c t  a r e  twofo ld :  
(1) t o  deve lop  an e d u c a t i o n a l  program o f  g r a d u a t e  s t u d y  i n  
g e o l o g i c  remote s e n s i n g ,  and ( 2 )  t o  conduct  r e s e a r c h  on t h e  
a p p l i c a t i o n s  o f  remote s e n s i n g  t o  t h e  m i n e r a l  i n d u s t r y .  

EDUCATIONAL PROGRAM 

COURSES OFFERED 

F a c u l t y  working under  t h i s  g r a n t  have developed t h r e e  
~ ~ r a d u a t e  c o u r s e s  i n  g e o l o g i c  remote s e n s i n g :  



I n t r o d u c t i o n  t o  Remote S e n s i n g  

Geologic  A p p l i c a t i o n s  of  Remote Sens ing  

Seminar  i n  Geologic  Remote Sens ing  

The f i r s t  c o u r s e  i n  t h i s  series,  I n t r o d u c t i o n  t o  Remote 
S e n s i n q ,  d e a l s  w i t h  t h e  t h e o r y  o f  a c t i v e  and pass ive . remote  
s e n s i n g  s y s t e m s ,  u s i n g  t h e  energy  p a t h  concep t  i n  t h e  u l t r a -  
v i o l e t  th rough  r a d a r  p o r t i o n s  o f  t h e  e l e c t r o m a g n e t i c  spect rum.  
S t u d e n t s  a r e  i n t r o d u c e d  t o  remote s e n s i n g  i n s t r u m e n t s  and 
t h e  i n t e r p r e t a t i o n  o f  r e p r e s e n t a t i v e  d a t a .  Geologic  a p p l i c a -  
t i o n s  a r e  b r i e f l y  su rveyed .  

To d a t e ,  t h i s  c o u r s e  h a s  been o f f e r e d  f o u r  t i m e s ,  t w i c e  
a s  p a r t  o f  t h e  CSM C o n t i n u i n g  Educa t ion  Program, which made 
t h e  c l a s s  a v a i l a b l e  t o  p r a c t i c i n g  s c i e n t i s t s  and e n g i n e e r s  
i n  t h e  Denver m e t r o p o l i t a n  a r e a .  Combined e n r o l l m e n t  h a s  
t o t a l l e d  4 6  s t u d e n t s ,  i n c l u d i n g  u n d e r g r a d u a t e s ,  g r a d u a t e  
s t u d e n t s  and p r o f e s s i o n a l  s c i e n t i s t s  and e n g i n e e r s .  

The second c o u r s e ,  Geoloqic  A p p l i c a t i o n s  o f  Remote 
S e n s i n g ,  stresses t h e  a p p l i c a t i o n  o f  remote  s e n s i n g  t o  
g e o l o g i c  and m i n e r a l  r e s o u r c e  i n v e s t i g a t i o n s .  The c o u r s e  
i n c l u d e s  d e t a i l e d  s t u d y  of  remote  s e n s i n g  t e c h n i q c e s ,  w i t h  
f i e l d  and l a b o r a t o r y  exper iments  and e x p e r i e n c e  i n  d a t a  
r e d u c t i o n ,  a n a l y s i s  and i n t e r p r e t a t i o n .  Case s t u d i e s  o f  
demons t ra ted  a p p l i c a t i o n s  a r e  p r e s e n t e d ,  and p o t e n t i a l  u s e s  
a r e  examined. S t u d e n t s  conduc t  e x c e r c i s e s  i n  m i s s i o n  
p l a n n i n g  and s e l e c t i o n  o f  optimum s e n s o r  sys tems f o r  
s p e c i f i c  g e o l o g i c  t a r g e t s .  T h i s  c o u r s e  i s  c u r r e n t l y  b e i n g  
t a u g h t  f o r  t h e  second t i m e .  Combined e n r o l l m e n t  t o t a l s  15  
g r a d u a t e  s t u d e n t s .  

The t h i r d  c o u r s e  o f  t h e  series,  Seminar i n  Geologic  
Remote S e n s i n g ,  c o n s i s t s  of  group d i s c u s s i o n s a n d  i n d i v i d u a l  
s t u d e n t  p r e s e n t a t i o n s  on c u r r e n t  l i t e r a t u r e  and r e s e a r c h .  
Enro l lmen t  i n  t h e  seminar  t o  d a t e  h a s  t o t a l l e d  13  g r a d u a t e  
s t u d e n t s .  

GRADUATE STUDENT SUPPORT 

The Bonanza P r o j e c t  h a s  s u p p o r t e d  t h e  r e s e a r c h  o f  seven  
s t u d e n t s  working toward advanced d e g r e e s .  One M . S .  program 
h a s  been comple ted ,  one i s  i n  p r o g r e s s ,  and f o u r  Ph.D. pro-  
grams a r e  i n  p r o g r e s s .  



RESEARCH PROGRAM 

DATA COLLECTION 

A l l  d a t a  used i n  t h i s  p r o j e c t  were a c q u i r e d  by NASA 
a i r c r a f t ,  e i t h e r  f o r  t h e  Bonanza P r o j e c t  d i r e c t l y ,  o r  f o r  
o t h e r  i n v e s t i g a t o r s .  Those m i s s i o n s  f lown o v e r  t h e  Bonanza 
T e s t  S i t e  ( S i t e  185) i n c l u d e  a l l  o r  p a r t s  o f  Miss ions  101 ,  
105 ,  153,  168 ,  and 184.  Data  have been c o l l e c t e d  from each 
of  t h e  t h r e e  c u r r e n t  MSC a i r c r a f t ,  t h e  P3A, C130 and RB57. 

P h o t o g r a p h i c  coverage  i s  shown i n  F i g u r e  1, which i s  
a  composi te  o f  a l l  m i s s i o n s  t o  d a t e .  The q u a l i t y  of  t h i s  
photography r a n g e s  from poor  t o  e x c e l l e n t ,  b e i n g -  g e n e r a l l y  
good. 

Non-photographic d a t a  coverage  i s  shown i n  F i g u r e  2 .  
SLAR imagery ,  a c q u i r e d  o v e r  r e l a t i v e l y  l a r g e  a r e a s  f o r  
r e g i o n a l  g e o l o g i c  s t u d i e s ,  h a s  g e n e r a l l y  been o f  poor  q u a l i t y .  
F a i r  t o  e x c e l l e n t  t h e r m a l  i n f r a r e d  imagery ,  b o t h  day and 
n i g h t ,  was flown o v e r  s e l e c t e d  s m a l l e r  a r e a s ,  mos t ly  f o r  
l o c a l  s t r u c t u r a l  i n f o r m a t i o n .  L ine  d a t a ,  i n c l u d i n g  i n f r a r e d  
s p e c t r o m e t r y ,  m u l t i f r e q u e n c y  microwave rad iomet ry  and r a d a r  
s c a t t e r o m e t r y ,  were a c q u i r e d ,  b u t  have y i e l d e d  l i t t l e  g e o l o g i c  
i n f o r m a t i o n .  

DATA HANDLING 

Photo  i n t e r p r e t a t i o n  t e c h n i q u e s  (and a s s o c i a t e d  imagery 
i n t e r p r e t a t i o n  t e c h n i q u e s )  have  been t h e  main a n a l y s i s  t e c h -  
n i q u e s  used .  T h i s  emphasis  upon t h e  human i n t e r p r e t e r  ( a s  
opposed t o  a u t o m a t i c  p a t t e r n  r e c o g n i t i o n  t e c h n i q u e s )  e v o l v e s  
from t h r e e  c o n s i d e r a t i o n s  : 

1) Backqround o f  r e s e a r c h e r s .  With one e x c e p t i o n ,  a l l  
CSM p e r s o n n e l  a r e  g e o l o g i s t s ,  and a r e  c o n s e q u e n t l y  e x p e r i -  
enced i n  t h e  e x t r a c t i o n  o f  g e o l o g i c  i n f o r m a t i o n  from a e r i a l  
pho tographs ;  

2 )  Q u a l i t y  of d a t a  r e c e i v e d .  To d a t e ,  t h e  b e s t  d a t a  -- 
r e c e i v e d  from NASA a i r c r a f t  m i s s i o n s  have been c o l o r  and 
c o l o r  i n f r a r e d  pho tographs .  O t h e r  ve ry  u s e f u l  d a t a  have 
i n c l u d e d  mul t iband  photography and t h e r m a l  s c a n n e r  imagery ,  
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w h i l e  l i n e  d a t a  r e c e i v e d  s o  f a r  have  n o t  been  of  good q u a l -  
i t y ;  and 

3 )  A n t i c i p a t e d  u s e  o f  remote  s e n s o r  d a t a .  The t e c h -  -- 
n i q u e s  b e i n g  r e s e a r c h e d  a t  CSM s h o u l d  b e  s u i t a b l e  f o r  t h e  
a v e r a g e  p r o f e s s i o n a l  g e o l o g i s t  i n  h i s  work ,  and t h u s  p r e -  
c l u d e  r e l i a n c e  on s o p h i s t i c a t e d  a n a l y t i c a l  i n s t r u m e n t s  
a v a i l a b l e  o n l y  i n  r e s e a r c h  l a b o r a t o r i e s .  

D e s p i t e  t h e  emphas is  p l a c e d  upon p h o t o  i n t e r p r e t a t i o n  
t e c h n i q u e s ,  o t h e r  d a t a  h a n d l i n g  methods a r e  b e i n g  i n v e s t i -  
g a t e d  as w e l l ,  i n c l u d i n g  o p t i c a l  and d i g i t a l  image enhance-  
men t ,  m u l t i b a n d  c o l o r  a d d i t i v e  p r o j e c t i o n ,  v i d e o  image 
p r o c e s s i n g ,  and computer  r e d u c t i o n  and a n a l y s i s  o f  i n f r a r e d  
s p e c t r o m e t r y .  More d e t a i l e d  a c c o u n t s  o f  t h e s e  i n t e r p r e t a -  
t i o n  t e c h n i q u e s  a r e  d i s c u s s e d  i n  t h e  companion p a p e r  i n  t h e s e  
P r o c e e d i n g s  by James Muhm. 

GEOLOGIC APPLICATIONS 

The r a t i o n a l e  f o r  u s i n g  remote  s e n s i n g  f o r  g e o l o g y ,  a s  
f o r  any  o t h e r  d i s c i p l i n e ,  i s  p r e d i c a t e d  on what  a r e ,  by now, 
f a m i l i a r  a rgumen t s .  S p e c i f i c a l l y ,  t h e  r e m o t e l y  s e n s e d  d a t a  
must p r o v i d e  e i t h e r :  

( a )  new i n f o r m a t i o n  n o t  o b t a i n a b l e  by o t h e r  means,  o r  

( b )  a r e d u c t i o n  i n  t i m e  ( c o s t )  n e c e s s a r y  t o  o b t a i n  
i n f o r m a t i o n .  

New g e o l o g i c  i n f o r m a t i o n  d e r i v e s  ma in ly  from t h e  syn-  
o p t i c  v iew a f f o r d e d  by remote  s e n s o r s .  T h i s  " f o r e s t  f o r  t h e  
t r e e s "  s i t u a t i o n  h a s  been  used  most  a d v a n t a g e o u s l y  i n  s t r u c t -  
u r a l  geo logy  s t u d i e s ,  where  d i s c o n t i n u o u s  s u r f a c e  e l e m e n t s  
a r e  found t o  d e f i n e  a  s i n g l e  g e o l o g i c  s t r u c t u r e .  Many such  
examples  have  been  d e m o n s t r a t e d ,  most  d r a m a t i c a l l y  by s p a c e  
pho tography .  

The r e d u c t i o n  i n  t i m e  n e c e s s a r y  t o  o b t a i n  g e o l o g i c  
i n f o r m a t i o n  i s  a l s o  a  r e c o g n i z e d  a d v a n t a g e  o f  remote  s e n s i n g ,  
a l t h o u g h  i t  h a s  n o t  been  d e m o n s t r a t e d  a s  w e l l .  The f o l l o w i n g  
example w i l l  g i v e  some i n d i c a t i o n  o f  t i m e - s a v i n g  c a p a b i l i t y .  

F i g u r e  3 shows an  a r e a  i n  C e n t r a l  Co lo rado  t h a t  h a s  n o t  
been  g e o l o g i c a l l y  mapped, though t h e  a d j a c e n t  a r e a s - t o  t h e  
n o r t h ,  w e s t  and s o u t h  have  benn comple t ed .  T h i s  a r e a ,  
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c o m p r i s i n g  a b o u t  two ,7$' t o p o g r a p h i c  q u a d r a n g l e s ,  i s  t y p i c a l  
o f  an  a r e a  t h a t  would b e  a s s i g n e d  t o  a  M.S. c a n d i d a t e  f o r  
a  Master 's t h e s i s ,  which would e n t a i l  a t  l e a s t  a  f u l l  summer 
o f  f i e l d  mapping. F i g u r e  4 i s  a  p h o t o - g e o l o g i c  map 'pro- 
duced by i n t e r p r e t a t i o n  o f  NASA pho tography ,  i n c l u d i n g  c o l o r ,  
c o l o r  i n f r a r e d  and low sun  a n g l e  pho tography  (LSAP).   his 
s t u d y  was comple t ed  by a  g r a d u a t e  s t u d e n t  on t h e  Bonanza 
P r o j e c t  i n  a p p r o x i m a t e l y  one  week. G e o l o g i c  d e t a i l  o f  t h i s  
map i s  comparable  t o  t h a t  o f  a d j a c e n t  g e o l o g i c  maps, and i t  
i s  e s t i m a t e d  t h a t  o n l y  a b o u t  two o r  t h r e e  weeks would b e  
r e q u i r e d  i n  t h e  f i e l d  t o  v e r i f y  i n t e r p r e t a t i o n s  and p roduce  
a  f i n i s h e d  g e o l o g i c  map. 

The o u t s t a n d i n g  a p p l i c a t i o n  o f  remote  s e n s i n g  t o  geo- 
l o g i c  i n v e s t i g a t i o n s  r ema ins  t h e  a b i l i t y  t o  p r o v i d e  t h e  
i n t e r p r e t e r  w i t h  b a s i c  g e o l o g i c  i n f o r m a t i o n - - t h a t  i s ,  t h e  
s u r f a c e  a s p e c t s  o f  l i t h o l o g y  and  g e o l o g i c  s t r u c t u r e .  Thus 
t h e  Bonanza P r o j e c t  r e s e a r c h  h a s  been  aimed p r i m a r i l y  a t  
i n v e s t i g a t i n g  t h e  c a p a b i l i t y  o f  remote  s e n s i n g  t o  

(1) d e l i n e a t e  g e o l o g i c  s t r u c t u r e ,  and 

d i s c r i m i n a t e  d i f f e r e n t  r o c k  t y p e s .  

The r e m a i n d e r  o f  t h i s  p a p e r  w i l l  s p e c i f i c a l l y  a d d r e s s  t h e s e  
two t o p i c s .  

G e o l o g i c  S t r u c t u r e  

The u t i l i t y  o f  s m a l l - s c a l e  a e r i a l  pho tography  h a s  
been  d e m o n s t r a t e d  many t i m e s .  I n  p a r t i c u l a r ,  s u c h  photo-  
g raphy  o f t e n  c o n t a i n s  abundan t  i n f o r m a t i o n  on l a r g e  r e g i o n a l  
g e o l o g i c  s t r u c t u r e s .  F i g u r e  5 d e m o n s t r a t e s  t h e  c l a r i t y  
w i t h  which 1 :100 ,000  s c a l e  pho tography ,  o b t a i n e d  from t h e  
NASA RE57  on Miss ion  1 0 1 ,  p o r t r a y s  one  r e g i o n a l  f a u l t .  The 
p h o t o  c o v e r s  t h e  San L u i s  V a l l e y  and t h e  w e s t  f l a n k  o f  t h e  
S a n g r e  d e  C r i s t o  Range, w i t h  t h e  "Sangre  d e  C r i s t o  F a u l t "  
s e p a r a t i n g  t h e  two. The e x i s t a n c e  o f  t h i s  f a u l t  h a s  l o n g  
been  p o s t u l a t e d ,  b u t  i t s  e x a c t  l o c a t i o n  and d e t a i l  have  been  
p o o r l y  u n d e r s t o o d  and t h e  o n l y  age  which c o u l d  b e  a s c r i b e d  
t o  t h e  f a u l t  was p o s t - O l i g o c e n e .  The s y n o p t i c  view a f f o r d e d  
by t h i s  pho tography  a l l o w s  t h e  i n t e r p r e t e r  t o  j o i n  t o g e t h e r  
d i s c o n t i n u o u s  l i n e a m e n t s  t o  s y n t h e s i z e  one  c o n t i n u o u s  f a u l t  
zone ,  and t h e  p h o t o s  c l e a r l y  show r e c e n t  movement a l o n g  some 
segmen t s .  T h i s  c o l o r  I R  p h o t o  h a s  a  s l i g h t  a d v a n t a g e  o v e r  
r e g u l a r  c o l o r  pho tography  b e c a u s e  p o r t i o n s  o f  t h e  f a u l t  
l i n e  t r a c e  a r e  marked by l i n e a r  s t a n d s  o f  a s p e n ,  which a r e  
enhanced  somewhat by t h e  IR s e n s i t i v i t y  o f  t h i s  f i l m .  
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Although f a u l t  c o n t r o l  a l o n g  t h e  b a s e  o f  t h e  r a n g e  i s  
o b v i o u s  a c r o s s  t h e  p h o t o ,  i n d i c a t i o n s  o f  f a i r l y  r e c e n t  move- 
ment a l o n g  t h e  f a u l t  c a n  b e  s e e n  o n l y  i n  t h e  n o r t h e r n  p a r t .  
To t h e  immedia te  s o u t h  o f  t h e  p h o t o ,  s i m i l a r  i n d i c a t i o n s  o f  
r e c e n t  d i s p l a c e m e n t  a r e  a l s o  s e e n ,  b u t  t h e  s o u t h e r n  h a l f  o f  
F i g u r e  5 l a c k s  t h e s e  f e a t u r e s .  I n  an a t t e m p t  t o  l o c a t e  e v i d -  
e n c e  o f  r e c e n t  f a u l t i n g  i n  t h i s  anomalous a r e a ,  t h e r m a l  I R  
s c a n n e r  imagery  was f lown by t h e  NASA P3A on Miss ion  105 .  
I n t e r p r e t a t i o n  o f  t h e  I R  imagery  a l s o  f a i l e d  t o  d e t e c t  r e c e n t  
f a u l t i n g  a l o n g  t h e  b a s e  o f  t h e  r a n g e  i n  t h i s  a r e a ,  b u t  t h e  
imagery  - d i d  r e v e a l  a ser ies  o f  e n  e c h e l o n  f a u l t  s c a r p l e t s  
t r e n d i n g  away from t h e  m o u n t a i n 7  r o n t  ( F i g .  6 )  . C l e a r l y  
t h e n ,  r e c e n t  stress r e l e a s e  h a s  o c c u r r e d  a l l  a l o n g  t h e  
r a n g e ,  b u t  i n  t h i s  one  a r e a  t h e  f a u l t i n g  t r e n d e d  away from 
t h e  r a n g e  r a t h e r  t h a n  a l o n g  t h e  b a s e .  These  f a u l t s  d i s p l a c e  
a l l u v i a l  f a n s  o f  p r o b a b l e  l a t e  Wiscons in  a g e ,  and  a s  such  
a r e  p r o b a b l y  less t h a n  10 ,000  y e a r s  o l d .  The d e m o n s t r a t i o n  
o f  t h i s  s t y l e  o f  f a u l t i n g  h e r e  i s  s i g n i f i c a n t ,  i n  t h a t  it 
l e n d s  c r e d e n c e  t o  t h e  growing  argument  t h a t  t h e  modern San 
L u i s  V a l l e y  i s  t e c t o n i c a l l y  p a r t  o f  t h e  B a s i n  and  Range p ro -  
v i n c e ,  r a t h e r '  t h a n  t h e  t y p i c a l  Laramide Rocky Mounta ins .  

F i g u r e  7 i s  low sun-ang le  pho tography  (LSAP) a l o n g  t h e  
F r o n t  Range o f  C o l o r a d o ,  f lown a t  optimum t i m e  t o  enhance  
s u b t l e  t o p o g r a p h i c  v a r i a t i o n s .  G e o l o g i c  s t r u c t u r e  i s  
enhanced  where  s t r u c t u r e  i s  t h e  dominant  c o n t r o l  on topo-  
g r a p h y ,  a s  i s  t h e  case w i t h  t h e s e  hogbacks  ( i n  a r e a s  o f  non- 
s t r u c t u r a l  c o n t r o l  o f  t o p o g r a p h y ,  such  a s  t h e  u p p e r  p a r t  o f  
F i g .  7 ,  t h i s  pho tography  is  u s e f u l  f o r  geomorphic  s t u d i e s ) .  
The LSAP shown i n  F i g u r e  8 p o r t r a y s  some l a r g e  f a u l t s  t h a t  
were n o t  p r e v i o u s l y  known, even  though t h i s  a r e a  had a l r e a d y  
been  mapped by c o n v e n t i o n a l  t e c h n i q u e s ,  and p e r m i t s  t h e  
e x t e n s i o n  o f  f a u l t s  p r e v i o u s l y  mapped. B lack  and w h i t e  I R  
f i l m  (Type 2424) was used  w i t h  a  W r a t t e n  25 f i l t e r  f o r  t h i s  
p h o t o g r a p h y ,  b e c a u s e  (1) t h e  600-900 nm b a n d p a s s  a l l o w s  b e t t e r  
" p e n e t r a t i o n "  o f  e a r l y  morning h a z e ,  and  ( 2 )  t h e  t o p o g r a p h y  
i s  b e t t e r  enhanced  by t h e  s t r o n g  b l a c k  shadow a r e a s  t h a t  
r e s u l t  f rom t h e  l a c k  o f  s e n s i t i v i t y  t o  s h o r t  w a v e l e n g t h  
l i g h t .  

I n  an  a t t e m p t  t o  e v a l u a t e  more q u a n t i t a t i v e l y  t h e  bene-  
f i t  o f  remote  s e n s i n g  f o r  o b t a i n i n g  g e o l o g i c  s t r u c t u r a l  
i n f o r m a t i o n ,  two s m a l l  s t u d i e s  w e r e  c o n d u c t e d .  I n  t h e  f i r s t ,  
i n t e r p r e t a t i o n s  o f  c o n v e n t i o n a l  a e r i a l  p h o t o s  w e r e  compared 
w i t h  i n t e r p r e t a t i o n s  o f  NASA d a t a  f rom M i s s i o n  1 0 5  ( F i g .  9 
shows e a c h  o f  t h e  r e s u l t i n g  m a p s ) .  The d r a m a t i c  i n c r e a s e  i n  
s t r u c t u r a l  d e t a i l  i s  o b v i o u s ,  b u t  it s h o u l d  b e  p o i n t e d  o u t  
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Figure g .- Low sun-angle hotograph near Salida, Colo. 
Ty pe 24 24 film with W25 filter. Sun angle 20 0 . (pC, 
Prec ambrian; LP, lower Paleozoic sedimentary r.ocks; 
PP, Permo-Penn sediment ary rocks; Tdu, Dry Union Fm; 

Qf, fan.) 
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A. Structural interpret ation from 
Forest Service B/W photos, 1954. 

(1: 20,000) 

43-15 

B. Structural interpretation from 
MX 105 color photos (1: 16,000). 

Figure 9.- Compar i son of photo-geologic maps f rom di ffe r e nt 
typ,= s o f photos. 

that not only is more detail availab le (16 faults vs . 2 
faul ts ), but the information is more accurate, since the 
original interpretation was late r proved erroneous . In 
thi s and nearby areas , i n terpretation of NASA photos 
de lineated 26 faults . Subsequent field checkiug showed 
8 o f the s e t o be definite faults (all of t he maj o r ones) , 
13 to be geo l ogi c discontinuities of some s o rt (not deter­
minab l e in the field--either fau l ts o r fractu r e s), a nd 5 
were non-geoLogic phenome n a ( fencelines, trai ls, etc.). 
Thus, r o ughly 80 % o f the pho to lineaments proved to have 
geologic sign ificance and 20% W0 re erroneous. 

I n a somewhat similar s tudy in the Bonanza Mining 
District, Mi s sion 10 5 data were interpreted for s tructural 
information in a complex vo lcan ic area . These d ata i ncluded 
color and color IR photography and RS-14 thermal in fra1 ~d 
imagery. The resulting interpretation map contained 63 



f a u l t s .  Subsequen t  f i e l d  mapping proved 44 o f  t h e s e  t o  b e  
f a u l t s  ( a g a i n ,  a l l  o f  t h e  ma jo r  f a u l t s  had been  d e t e c t e d ) ,  
14 t o  b e  non-geo log ic ,  and t h e  s i g n i f i c a n c e  o f  5  c o u l d  n o t  
b e  d e t e r m i n e d  i n  t h e  f i e l d .  These  f i g u r e s  t r a n s l a t e  i n t o  
a b o u t  75% c o r r e c t  and 25% i n c o r r e c t .  

The c o n c l u s i o n s  from t h e s e  two s t u d i e s  a r e  (1) new 
g e o l o g i c  s t r u c t u r a l  i n f o r m a t i o n  i s  a v a i l a b l e  from remote  
s e n s i n g  d a t a  ( 2 )  g r e a t e r  a c c u r a c y  r e s u l t s  from u s i n g  remote  
s e n s i n g  d a t a  ( 3 )  a l l  ma jo r  s t r u c t u r a l  f e a t u r e s  were d e t e c t e d ,  
( 4 )  o f  a l l  s t r u c t u r a l  d a t a  o b t a i n e d ,  a b o u t  75% were c o r r e c t l y  
i d e n t i f i e d ,  and  ( 5 )  i n t e r p r e t a t i o n  o f  remote  s e n s i n g  d a t a  
w i l l  n o t  s u p p l a n t  f i e l d  work, b u t  it e n a b l e s  f i e l d  work t o  
b e  done more e f f i c i e n t l y .  

ROCK DISCRIMINATION 

The a b i l i t y  t o  d i s c r i m i n a t e  d i f f e r e n t  rock  t y p e s  on 
remote  s e n s o r  photography and imagery h a s  s o  f a r  proved t o  
b e  o n e  o f  o u r  most  d i f f i c u l t  t a s k s , . y e t  one  which i s  p a t e n t l y  
fundamenta l  t o  any g e o l o g i c  a p p l i c a t i o n .  The o b v i o u s  c h o i c e  
o f  s e n s o r s  f o r  t h i s  t a s k ,  h i g h  q u a l i t y  c o l o r  pho tography ,  
h a s ,  o f  c o u r s e ,  y i e l d e d  t h e  b e s t  r e s u l t s  t o  d a t e ,  and most  
l i k e l y  w i l l  c o n t i n u e  t o  do s o .  T h e r e  i s  no  need  t o  bu rden  
t h e  r e a d e r  w i t h  y e t  a n o t h e r  example o f  c o l o r  v s .  b l a c k  and 
w h i t e  pho tography ,  s i n c e  t h e  a d v a n t a g e s  o f  t h e  former  have 
been  amply d e m o n s t r a t e d .  T h a t  i s  n o t  t o  s a y ,  however,  t h a t  
c o l o r  pho tography  i s  t h e  b e s t  t o o l  a v a i l a b l e  i n  a l l  c a s e s ,  
and w e  a r e  p u r s u i n g  o t h e r  t e c h n i q u e s  a s  w e l l .  

Al though m u l t i b a n d  pho tography  h a s  been  used and i n t e r -  
p r e t e d  i n  o u r  work f o r  some t i m e  now, it h a s  o n l y  been i n  
t h e  p a s t  y e a r  t h a t  r e s e a r c h  h a s  been  d i r e c t e d  toward  funda-  
m e n t a l  r o c k  r e f l e c t a n c e  s t u d i e s  and m a c h i n e - a s s i s t e d  d a t a  
i n t e r p r e t a t i o n .  G e o l o g i s t s  f rom CSM and a t m o s p h e r i c  
s c i e n t i s t s  f rom MMC have been working  t o g e t h e r  i n  t h e  f i e l d  
i n  a n  a t t e m p t  t o  overcome problems o f  s u r f a c e  i r r a d i a n c e  
f l u c t u a t i o n s  due  t o  a t m o s p h e r i c  v a r i a b l e s ,  and t h u s  t o  o b t a i n  
b a s i c  r e f l e c t a n c e  s p e c t r a  o f  r o c k s  on t h e  o u t c r o p .  F i g u r e  
10 shows r e p r e s e n t a t i v e  s p e c t r a ,  i n  t h i s  c a s e  f o r  t h r e e  
d i f f e r e n t  f o r m a t i o n s  t h a t  a r e  d i f f i c u l t  o r  i m p o s s i b l e  t o  
d i s c r i m i n a t e  on b l a c k  and w h i t e  o r  c o l o r  pho tography .  
Q u a t e r n a r y  g r a v e l s  (Qg) n o r m a l l y  are i m p o s s i b l e  t o  d i s t i n -  
g u i s h  from P i e r r e  S h a l e  ( K p ) ,  and t h e  N i o b r a r a  Format ion  
s h a l e s  (Kn) are d i f f i c u l t  t o  s e p a r a t e  from t h e  o t h e r  two. 
A s i m p l e ,  b u t  e f f e c t i v e ,  f i l m / f i l t e r  combina t ion  which 
r e c o r d s  beyond 620 nm h a s  t h e  c a p a b i l i t y  o f  d i s c r i m i n a t i n g  
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t h e  t h r e e  rock  t y p e s .  F i g u r e  11 i s  a  r e p r o d u c t i o n  of  such 
a  p h o t o ,  a c q u i r e d  d u r i n g  Miss ion  168 w i t h  t h e  KA62 camera 
and Type 2424 f i l m  w i t h  a  Wrat ten  9 2  f i l t e r ;  d i s c r i m i n a t i o n  
o f  t h e  t h r e e  f o r m a t i o n s  i s  a p p a r e n t .  

S i m i l a r  s t u d i e s  have been i n i t i a t e d  t o  d e t e r m i n e  t h e  
a b i l i t y  o f  t h e r m a l  i n f r a r e d  s c a n n e r s  t o  d i s c r i m i n a t e  rock 
t y p e s .  E f f o r t s  t o  d a t e  have been c o n c e n t r a t e d  on s t u d y i n g  
t h e  b a s i c  r o c k  p r o p e r t i e s  which a f f e c t  t h e i r  r a d i o m e t r i c  
t e m p e r a t u r e s .  Miss ion  168 imagery a l o n g  t h e  F r o n t  Range.  
h a s  p rov ided  encourag ing  r e s u l t s ,  b u t  t h e  i n s t r u m e n t  cap- 
a b i l i t y  r emains  t o  be  d e f i n e d  and c o n c l u s i o n s  would be  
p remature .  

Q u a n t i t a t i v e  e v a l u a t i o n  o f  remote s e n s i n g  c a p a b i l i t y  
f o r  rock d i s c r i m i n a t i o n  i s  v e r y  d i f f i c u l t .  Conc lus ive  
s t u d i e s  have  n o t  been conduc ted ,  b u t  one s m a l l  s t u d y  may 

$ prove  i n f o r m a t i v e .  A t e s t  a r e a  was s e l e c t e d  n e a r  t h e  
Bonanza Mining D i s t r i c t  f o r  l i t h o l o g i c  i n t e r p r e t a t i o n  o f  
c o l o r  and c o l o r  i n f r a r e d  photography and t h e r m a l  s c a n n e r  
imagery.  With in  t h i s  t e s t  a r e a ,  78 faul t -bounded a r e a s  were 
i n t e r p r e t e d ,  and one o f  s i x  l i t h o l o g i c  d e s i g n a t i o n s  was 
a s s i g n e d  t o  each of  t h e  a r e a s .  Subsequent  f i e l d  mapping 
p rov ided  ground c o n t r o l  w i t h  t h e  r e s u l t  t h a t  62% o f  t h e  
a r e a s  had been a s s i g n e d  t h e  p r o p e r  l i t h o l o g y  and 38% were 
i n c o r r e c t .  These f i g u r e s  a r e  most encourag ing ,  when con- 
s i d e r a t i o n  i s  g i v e n  t o  t h e  complex geology o f  t h e  a r e a ;  
a l l  o f  t h e  r o c k s  i n  q u e s t i o n  a r e  T e r t i a r y  v o l c a n i c  r o c k s ,  
c o n s i s t i n g  o f  l a v a  f l o w s ,  a s h  f lows and l a h a r i c  b r e c c i a s ,  
a'nd a l l  a r e  r a t h e r  d r a b  a p p e a r i n g ,  e x h i b i t i n g  o n l y  t h e  most 
s u b t l e  d i f f e r e n c e s  i n  c o l o r .  

To d a t e ,  most o f  o u r  r e s e a r c h ,  l i k e  most of  t h e  remote 
s e n s i n g  r e s e a r c h  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  h a s  been l a r g e l y  
d e d u c t i v e .  R e c e n t l y ,  however,  w e  have f e l t  t h e  need f o r  more 
emphasis  upon an i n d u c t i v e  approach t o  d e f i n i n g  t h e  cap- 
a b i l i t y  o f  remote s e n s i n g  f o r  r o c k  d i s c r i m i n a t i o n .  I n  o t h e r  
words ,  i s  it even r e a l i s t i c  t o  a t t e m p t  t o  d i s c r i m i n a t e  
g r a n i t e ,  f o r  example,  from l i m e s t o n e  by u s i n g  an  i n f r a r e d  
s c a n n e r ?  Fundamental ly t h e n ,  w e  a r e  i n  p a r t  r e t u r n i n g  t o  
S t e p  1 o f  g e o l o g i c  remote s e n s i n g ,  where o u r  i n i t i a l  r e s i d -  
ence  t i m e  was o b v i o u s l y  t o o  b r i e f .  B a s i c a l l y ,  w e  a r e  examin- 
i n g  t h e  f o l l o w i n g  q u e s t i o n s :  

(1) What p h y s i c a l  and chemica l  d i f f e r e n c e s  
e x i s t  between d i f f e r e n t  r o c k s ?  
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Figure 11.- One frame from KA62 multiband cam­
era cluster. Type 2424 film with W92 filter 
(effect ive passband 620-900 nm). Kn, Niobrara 
Fm. shale; Kp, Pierre Shale; Qg, Quaternary 
gravels. Compare with Fig. 10. 



( 2 )  Which of  t h e s e  p r o p e r t i e s  p r o v i d e  s u f f i c i e n t  
c o n t r a s t  t o  d i s t i n g u i s h  t h e  r o c k s ?  

( 3 )  Which of  t h e s e  p r o p e r t i e s  a r e  c a p a b l e  o f  
b e i n g  remote ly  sensed?  And t h e n  l o g i c a l l y ,  

( 4 )  How can we b e s t  use  remote s e n s o r s  t o  d o  
t h e  job? 

Our i n i t i a l  approach h a s  been t o  examine t h e s e  q u e s t i o n s  
i n  t e r m s  of  s p e c i f i c s ,  r a t h e r  t h a n  g e n e r a l i t i e s .  Consequent ly ,  
w e  have d e f i n e d  an a r e a  o f  s t u d y  ( t e s t  s i t e ,  i f  you w i l l )  
a l o n g  t h e  F r o n t  Range f o r  t h i s  purpose ,  an a r e a  which i n c l u d e s  
a t  l e a s t  1 8  d i f f e r e n t  g e o l o g i c  f o r m a t i o n s .  The f o l l o w i n g  
p rocedure  evo lved :  

A .  L i s t  b a s i c  p r o p e r t i e s :  A l l  rock  p r o p e r t i e s  were 
l i s t e d .  Any b a s i c  rock pa ramete r  which c o u l d  b e  d e s c r i b e d  
o r  measured-was i n c l u d e d -  i n  t h e  l i s t ,  r e g a r d l e s s  o f  any o t h e r  
c o n s i d e r a t i o n .  31 p a r a m e t e r s  were l i s t e d .  

B.  Format ion/Proper ty  Mat r ix :  A m a t r i x  was formed i n  
which a l l  o f  t h e  p a r a m e t e r s  from A cou ld  be  l i s t e d  f o r  each  
o f  t h e  18  f o r m a t i o n s .  Each o f  t h e  s p a c e s  i n  t h i s  18 x 31 
m a t r i x  were t h e n  f i l l e d  i n  (where p o s s i b l e )  w i t h  q u a l i t a t i v e  
d e s c r i p t o r s  (Tab le  1 i s  o n l y  a  p o r t i o n  of t h i s  m a t r i x ) .  

Tab le  1 

ROCK PROP FORMAT I O N  

DENSITY 



C.  S e l e c t  p romis inq  p a r a m e t e r s :  Examina t ion  o f  t h e  
m a t r i x  f o c u s e d  a t t e n t i o n  upon t h o s e  p a r a m e t e r s  which q u a l i -  
t a t i v e l y  showed p romise  o f  h a v i n g  t h e  most  c o n t r a s t  between 
a d j a c e n t  f o r m a t i o n s .  

D. Q u a n t i f i c a t i o n :  A t t e m p t s  were made t o  q u a n t i f y  
t h o s e  p a r a m e t e r s  s e l e c t e d  i n  C .  Emphasis  was p l a c e d  upon 
methods e a s y  t o  employ i n  t h e  f i e l d  w i t h o u t  s p e c i a l i z e d  
equ ipmen t ;  f o r  example ,  c o l o r  measurements  were made u s i n g  
GSA Rock C o l o r  C h a r t s ,  and  " a l b e d o "  ( v i s i b l e  r e f l e c t a n c e )  
was measured w i t h  common l i g h t  meters and s t a n d a r d  r e f l e c -  
t a n c e  c a r d s .  An example o f  t h e  r e s u l t i n g  q u a n t i t a t i v e  m a t r i x  
i s  i n c l u d e d  i n  T a b l e  2 .  

T a b l e  2 

ROCK PROPERTY - FORMATION 

E .  S e l e c t  u s e f u l  p a r a m e t e r s :  Based upon t h e  q u a n t i -  
t a t i v e  v a l u e s  d e t e r m i n e d  i n  D ,  t h e  p a r a m e t e r s  found  c o n s i s -  
t e n t l y  most  u s e f u l  f o r  d i s c r i m i n a t i o n  were d e f i n e d .  F o r  
t h e  f o r m a t i o n s  i n  t h e  a r e a  o f  s t u d y ,  t h e  f o u r  most  u s e f u l  
p a r a m e t e r s  a r e  l i s t e d  i n  T a b l e  3. 



T a b l e  3 

MOST USEFUL 

GEOLOGIC CHARACTERISTICS 

@ 31 PARAMETERS INVESTIGATED 

10 PARAMETERS PROBABLY USEFUL 

4 PARAMETERS MOST USEFUL 

1. TOPOGRAPHIC LANDFORM 
2 ,  COLOR 
3 .  ALBEDO 
4 .  SURFACE TEMPERATURE 

F. D e f i n e  c o n t r a s t s  r e q u i r e d :  An a t t e m p t  w a s  made 
t o  d e f i n e  t h o s e  c o n t r a s t s  between p a r a m e t e r s  which a r e  cap-  
a b l e  o f  b e i n g  r e m o t e l y  s e n s e d .  The approach  h e r e  w a s  
e m p i r i c a l - - t h a t  i s ,  r a t h e r  t h a n  s i m p l y  c h e c k i n g  m a n u f a c t u r e r s '  
i n s t r u m e n t  s p e c i f i c a t i o n s  (which g e n e r a l l y  a p p l y  t o  l a b o r a -  
t o r y ,  o r  a t  l e a s t  optimum c o n d i t i o n s ) ,  s t u d i e s  w e r e  conduc ted  
on t y p i c a l  NASA a i r c r a f t - a c q u i r e d  d a t a  t o  e s t i m a t e  what  con- 
t r a s t s  have  a c t u a l l y  been  d e t e c t e d .  Some o f  t h e s e  e s t i m a t e s  
a r e  l i s t e d  i n  T a b l e  4 .  

T a b l e  4 

EMPIRICAL DETERMINATION OF 

SENSOR DISCRIMINATION CAPABILITY 

PAN FILM 15-20% a l b e d o  c o n t r a s t  

COLOR FILM Value - 1 . 2  

Chroma - 0 . 8  



G .  S e l e c t  remote s e n s o r t s )  : The n e x t  l o g i c a l  s t e p  
t h e n  was t o  c r o s s - c o r r e l a t e  t h e  m a t r i c e s  o f  p a r a m e t e r  
c o n t r a s t  and s e n s o r  c a p a b i l i t y  i n  o r d e r  t o  select  t h e  optimum 
remote s e n s o r ( s 1  which o f f e r e d  t h e  g r e a t e s t  p r o b a b i l i t y  of  
s u c c e s s  i n  d i s c r i m i n a t i n g  t h e  r o c k s .  

S i x  d i f f e r e n t  i n v e s t i g a t o r s  fo l lowed  t h e  above pro-  
c e d u r e s ,  each  one working i n d e p e n d e n t l y  w i t h  d i f f e r e n t .  geo- 
l o g i c  f o r m a t i o n s  w i t h i n  t h e  t e s t  s i t e .  T h e i r  c o n c l u s i o n s  
a r e  shown i n  T a b l e  5 .  I t  shou ld  be  s t r e s s e d  t h a t  t h e s e  
recommendations a p p l y  t o  t h e s e  s p e c i f i c  f o r m a t i o n s  i n  t h i s  
s p e c i f i c .  t e s t  s i t e .  There  i s  ample b i a s  i n  t h i s  i n i t i a l  
s t u d y  t o  p r e c l u d e  e x t r a p o l a t i o n  i n t o  o t h e r  a r e a s ;  nonethe-  
less,  t h e  r e s u l t s  a r e  i n f o r m a t i v e .  

T a b l e  5 

C=color  pho tography ,  CIR=color  i n f r a r e d  
pho tography ,  B/W=black and w h i t e  photo-  
g raphy ,  MB=multiband photography,  8 I R =  
t h e r m a l  i n f r a r e d  imagery.  

RECOMMENDED SENSORS 

I n v e s t i g a t o r  

D .  O r r  

D. Knepper 

G.  Ra ines  

L. J e f f e r i s  

D .  Wychgram 

D. Bruns 

CONSENSUS 

2 S e n s o r  
Package 

C + 8 I R  

C + C I R  

C + C I R  

C + 8 I R  

C I R + B I R  

CIR+BIR 

C + 8 I R  

B e s t  S i n g l e  S e n s o r  
1 

C 

C 

C 

C 

C I R  

C I R  

C 

2 

C I R  

CIR 

C I R  

C I R  

C 

8 I R  

C I R  

3 

B/W 

B/W 

8 I R  

8 I R  

MI3 

B/W 

B/W 




