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ABSTRACT 

Three geophysical research ozganizations, working together 
under the auspices of the Hawaii Geothermal Project, have used 
several electrical and electromagnetic exploration techniques 
on Kilauea volcano, Hawaii to assess 'its geothermal resources. 
This volume contains four papers detailing their methods and 
cgnclusions. Keller -- et al. of the Colorado School of Mines 
used the dipole mapping and time-domain EM sounding techniques 
t o  define low resistivity areas around the summit and flanks of 
Kilauea. Kauahikaua and Klein of the Hawaii Institute of Geo- 
physics then detailed theGa_st Rift with independent, two-loop 
induction and time-domain EM-soundings. Finally, Zablocki of 
the U. S .  Geological Survey delineated four anomalous areas on 
the East Rift with an extensive self-potential survey; one 
of these areas was chosen as the site of a test hole. 
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ABSTRACT 

i 

f 

An e l e c t r i c a l  r e s i s t i v i t y  s u r v e y  o v e r  t h e  K i l a u e a  s h i e l d  
a r e a  i n  Puna  and  t h e  Kau d i s t r i c t  o f  t h e  I s l a n d  o f  H a w a i i  f r o m  
May t h r o u g h  J u l y ,  1 9 7 3 ,  s o u g h t  a r e a s  f a v o r a b l e  f o r  t h e  p r e -  
s e n c e  o f  g e o t h e r m a l  r e s e r v o i r s .  The d i p o l e  mapping  t e c h n i q u e  
w a s  u s e d .  A t i m e - d o m a i n  e l e c t r o m a g n e t i c  s u r v e y  w a s  c o n d u c t e d  
o v e r  t h e  ea,st r i f t  z o n e  t o  g i v e  a more  c o m p l e t e  p i c t u r e  of  
t h e  g e o l o g l c  s t r u c t u r e  and  h y d r o l o g y  o f  t h e  r i f t .  I t  was 
f o u n d  t h a t  t h e  f l a n k s  o f jMauna  Loa a r e  u n d e r l a i n  by  r o c k s  o f  
h i g h  r e s i s t i v i t y ,  and  t h a t  s u c h  r o c k s  p r o b a b l y  e x t e n d  i n t o  
t h e  PunA a rea  a l o n g  t h e  p r o j e c t i o n  o f  a n  a n c i e n t  r i f t  z o n e .  
The  h i g h  r e s i s t - i v i t i e s  p r o b a b l y  r e p r e s e n t  t h e  p r e s e n c e  o f  
d e n s e ,  c o o l ,  d i k e  c o m p l e x e s ,  s o  t h a t  t h i s  p o r t i o n  o f  t h e  a r e a  
i s  u n l i k e l y  t o  h a v e  much p r o s p e c t  f o r  g e o t h e r m a l  d e v e l o p m e n t .  
On t h e  o t h e r  h a n d ,  r e s i s t i v i t i e s  as  low as  two ohm-m were map- 
p e d  a l o n g  t h e  l o w e r  p a r t  o f  t h e  e a s t  r i f t  o f  K i l a u e a .  Assuming 
r e a s o n a b l e  v a l u e s  o f  p o r o s i t y  and  w a t e r  s a l i n i t y ,  s u c h  
r e s i s t i v i t y  v a l u e s  a r e  c o m p a t i b l e  w i t h  t h e  p r e s e n c e  o f  t h e r m a l  
w a t e r s  w i t h  t e m p e r a t u r e s  a b o v e  1 8 O o C ,  p r o b a b l y  e x t e n d i n g  t o  
a d e p t h  o f  2 km b e l o w  sea  l e v e l .  M e a s u r e m e n t s  t a k e n  a r o u n d  
t h e  summit  a r e a  o f  K i l a u e a  c o n f i r m  t h e  e x i s t e n c e  o f  a b r a c k i s h -  
w a t e r  g e o t h e r m a l  s y s t e m  a l o n g  t h e  s o u t h  s i d e  o f  K i l a u e a  c a l d e r a ,  
i n  t h e  v i c i n i t y  o f  t h e  K i l a u e a  G e o t h e r m a l  Test  W e l l .  
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BACKGROUND 

c 

t 

'w 

G e o t h e r m a l  e n e r g y  h a s  b e e n  o f  i n t e r e s t  i n  t h e  l a s t  f e w  
y e a r s  b e c a u s e  o f  t h e  n e e d  f o r  more  s o u r c e s  o f  e n e r g y .  H a w a i i  
I s l a n d ' s  v o l c a n i c  o r i g i n  p o i n t s  t o  t E e  p o s s i b i l i t y  o f  f i n d i n g  
a n  e c o n o m i c a l  s o u r c e  o f  g e o t h e r m a l  power  t h e r e  (Macdona ld ,  
1 9 7 3 ) .  

T h e  i s l a n d  o f  H a w a i i  i s  composed o f  f i v e  v o l c a n o e s .  
The  y o u n g e s t ,  K i l a u e a ,  i s  a n  a s y m m e t r i c a l  s h i e l d - s h a p e d  dome 
c u t  b y  two z o n e s  o f  d i k e s ,  t h a t  a r e  c h a r a c t e r i z e d  b y  f i s s u r e s  
and  c o n e s .  The  e a s t e r n  z o n e ,  t h e  e a s t  r i f t  z o n e  ( S t e a r n s  
a n d  M a c d o n a l d ,  1 9 4 6 ,  p.  i s  a l s o  c a l l e d  t h e  Puna  r i f t  

R e g a r d i n g  t h e  p o s  y o f  g e o t h e r m a l  r e s o u r c e s ,  Macdona ld  
( 1 9 7 3 ,  p .  217.) s t a t e d  t h a t  ' I t h e  m o s t  f a v o r a b l e  a r e a  f r o m  t h e  
g e o l o g i c  p o i n t  o f  view a p p e a r s  o b e  t h e  e a s t  r i f t  z o n e  a n d  
summit o f  K i l a u e a  v o  t d e p t h s  c o n s i d e r a b l y  b e l o w  sea  
l e v e l . "  To e v a l u a t e  e rmal  p o t e n t i a l  o f  t h o s e  a r e a s ,  
a d i p o l e  mapp ing  s u r v e y  a n d  a t i m e - d o m a i n  e l e c t r o m a g n e t i c  
s o u n d i n g  s u r v e y  were 

T h e  e a s t  r i f t  ( F i g .  1) e x t e n d s  f r o m  K i l a u e a  s o u t h e a s t -  
n t u r n s  N65'E a n d  c o n t i n u e s  b e y o n d  Cape  
e a n  f o r  70 km, t h e n  d i s a p p e a r s .  The 

a p r o m i n e n t  r i d g e  t h a t  c o n t a i , n s  a compo- 
m p l e x  ( M a l a h o f f  a n d  McCoy, 1 9 6 7 ) .  Normal  
f l a n k s  o f  t 

a s t  r i f t  -20 

6 , -  Macdona ld  a n d  E a t o n  
t h a t  t h e r e  a r e  m o r e  t h a n  70 lava v e n t s  o n  t h e  s u r f  
many h u n d r e d  m o r e  ' t h a  b u r i e d .  B a s a l t i c  
t h e s e  v e n t s  h a s  b u i l t  c h  w i t h  i t s  c r e s t  a l o n g  t h e  
r i f t .  T h i s  l a v a  come a u e a  t h r o u g h  a c o n t i n u o u ' s  
s e r i e s  o f  l ava  t u b e s .  946) r e a s o n e d  
c r a t e r s  a r e  f o r m e d  b y  t i n t o  l a v a  t u b  
g r o u p i n g  o f  t h e  c r a t e r  t o  t h e  i n t e r s e c  
R i f t  b y  a ser ies  o f  f i s s u r  n d i n g  NE-SW . 
s e c t i o n . . . w o u l d  b e  o c a t i o n  
p i t  c r a t e r s "  ( p .  2 

The  n o r t h w e s t  s i d e  v e n t s ,  i s  t h e  
z o n e  o f  f a u l t i n g  and  c r a c k i n g .  The s o u t h e a s t  s i d e ,  marked  by  
c i n d e r  c o n e s ,  i s  t h e  a r e a  o f  m o s t  e r u p t i v e  a c t i v i t y ,  Moore a n d  
R i c h t e r  (1962)  i n t e r p r e t  t h i s  z o n a t i o n  s a y i n g  t h a t  I t t h e  r i f t  



6 

\ 

3 



s ki z o n e  d i p s  d o u t h e a s t w a r d ,  w i t h  t h e  z o n e  o f  f a u l t i n g  m a r k i n g  
i t s  a c t u a l  s u r f a c e  i n t e r s e c t i o n  a n d  t h e  z o n e  o f  c o n e s  fo rmed  
b y  p i e r c i n g  i t s  h a n g i n g  w a l l . "  The  s o u t h s i d e  o f  t h e  r i f t  

t h e  r i f t .  F i g u r e  2 shows t h e  p o s s i b l e  r e l a t i o n s h i p  o f  f i s s u r e s ,  
c i n d e r  c o n e s ,  a n d  g r a b e n s  on  t h e  e a s t e r n  p a r t  o f  t h e  r i f t .  

c z o n e  i s  s t e e p  f r o m  f a u l t i n g .  Many e n  e c h e l o n  f i s s u r e s  f o l l o w  

The  r i f t  z o n e  i s  bounded  b y  g r a b e n s .  The g r a b e n  a r e a  
h a s  b e e n  f i l l e d  r e p e a t e d l y ,  s o  t h a t  t he  t o t a l  movement,  w h i l e  
n o t  m e a s u r e a b l e ,  m u s t  b e  c o n s i d e r a b l e .  F o r  e x a m p l e ,  i n  
1 9 2 4 ,  v e r t i c a l  movement o f  3 .0  t o  3.7 m was m e a s u r e d  d u r i n g  
a n  e r u p t i o n  ( F i n c h ,  1925  ) .  The r i f t  i s  c o v e r e d  b y  a l t e r n a t i n g  

x i s t e n c e  o f  t h e  
e a s t  r i f t .  i eves  t h a t  K i l a u e a  
r e s u l t s  f r o  t s  i n  t h e  f l a n k  

n g .  J.G. Moore 

ng s e a w a r d ;  t h e  
f r a c t u r e s  w h i c h  t h e  movem ce s t e e p e n  t o  n e a r  

f o r m  t h e  e a s t  r i  b e n  c o l l a p s e  a l o n g  
h e n  r i s e s  t h r o u g h  

t h i s  m a t e r i a l  t d e p t h .  H e  f e e l s  

t o  b e  i n f l a t i o n  o f  i n t r u s i o n  o f  magma w i t h i n  
z o n e  s t i l l  a p p e a r s  

c la ims  t h a t  h i s  t h e o r y  i s  

p a t t e r n s  e x t e n d  f r o m  a c e n t e r  o f  i n f l a t i o n .  S t e a r n s  ( 1 9 6 6 ,  
t h e  
a n d  d i k e  

b s o r p t i o n  o f  r o c k s  

Hydro  l o g y  

The  e a s t e r n  s e c t i o n  i f  t h e  i s l a n d  o f  H a w a i i  i s  g e n e r a l l y  
u n d e r l a i n  b y  f r e s h  b a s a l  g r o u n d w a t e r ,  w i t h  t h e  e x c e p t i o n  o f  
t h e  ea s t  r i f t  z o n e  of K i l a u e a  w h e r e  g r o u n d w a t e r  i s  impounded 
a t  h i g h e r  l eve l s  by d i k e s .  F i g u r e  3 i s  a g e n e r a l i z e d  c r o s s -  
s e c t i o n  s h o w i n g  t h e  g r o u n d w a t e r  l e v e l s  w i t h i n  t h e  e a s t  r i f t  
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F i g u r e  2 .  B lock  diagram showing t h e  r e l a t i o n s h i p  
be tween  f a u l t i n g ,  e r u p t i v e  f i s s u r e s ,  
and c o n e s  i n  t h e  e a s t e r n  p a r t  of  t h e  
Puna r i f t  ( a f t e r  Moore and K r i v o y ,  
1964 ,  p .  2 0 4 2 ) .  
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KILOMET E R S 

F i g u r e  3 .  G e n e r a l i z e d  c r o s s - s e c t i o n  from Mauna 
Kea t o  t h e  Puna Ridge  showing f r e s h  
and s a l t - w a t e r  d i s t r i b u t i o n  ( a f t e r  
S t e a r n s  and Macdonald, 1946 ,  p .  2 2 5 ) .  

I 

SEA LEVEL 

Ghyben-Herzberg P r i n c i p l e  showing 
r e s h  water d e p r e s s e d  

.* 
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b* T h r o u g h o u t  many p a r t s  o f  t h e  H a w a i i a n  I s l a n d s  c h a i n ,  
a Ghyben-Herzbe rg  s y s t e m  i s  p r e s e n t .  F i g u r e \  4 i l l u s t r a t e s  
t h e  Ghyben-Herzbe rg  P r i n c i p l e :  t - 40 h .  - t i s  t h e  t h i c k n e s s  
o f  f r e s h  water  d e p r e s s e d  b e l o w  sea  l e v e l ;  - h i s  t h e  h e i g h t  * 
o f  f r e s h  wa te r  a b o v e  sea leve l .  

A p e r m e a b l e  l ava  k o c k  a q u i f e r  and  i m p e r m e a b l e  
p l a i n  r o c k  a r e  n e c e s s a r y  f o r  d e v e l o p m n e t  o f  s d c h  a s y s t e m .  
When t h e  r o c k  s t r u c t u r e  is n o t  f a i r l y  homogeneous o r  when 
p e r m e a b i l i t y  o f  t h e  r o c k  i s  o f  t o o  low p e r m e a b i l i t y y s S t h e  l e n s  
i s  e i t h ' e r  p o o r l y  d e v e l o p e d  o r  n o n - e x i s t e n t .  A l t h o u g h  Ghyben- 
H e r z b e r g  s y s t e m s  a r e  w e l l  d e v e l o p e d  i n  some a r e a s ,  e s p e c i a l l y  
P e a r l  H a r b o r ,  t h e r e  a p p e a r s  t o  b e  n o n e  i n  t h e  e a s t  r i f t  z o n e  
o f  H a w a i i .  , I n  t h i s  a r e a ,  t h e  s t r u c t u r e  i s  i n f a v o r a b l e ;  t h e  
r o c k s  are, c u t  b y  numerous  f a u l t s  and  d i k e s .  T h e s e  d i k e s  a l s o  
f o r m  a b a r r i e r  t o  s o u t h w a r d  movement o f  g r o u n d w a t e r  f rom t h e  
n o r t h  w h e r e '  t h e  a n n u a l  r a i n f a l l  i s  g r e a t  (Wen twor th ,  1 9 4 7 ) .  

The  a n n u a l  r a i n f a l l  n e a r  H i l o  a v e r a g e s  200 i n c h e s / y r  
(508 cmlyr). This l e v e l  d r o p s  t o  1 0 0  t o  1 2 5  i n c h e s / y r  ( 2 5 4  t o  
317 cm/yr) i n  the  e a s t  r i f t .  The  n o r m a l  g r a d i e n t  o f  t h e  g r o u n d -  

w a t e r  l e v e l  i n  a r eas  o f  h e a v y  r a i n f a l l ,  s u c h  a s  t h e  eas t  r i f t  
i s  0 . 7 5  m/km f rom s h o r e  (Duncan ,  1 9 4 2 ) .  

Numerous w e l l s  d r i l l e d  i n  t h e  s u r v e y  a r e a  r e i n f o r c e  
t h i s  c o n c e p t .  F i g u r e  5 shows t h e  l o c a t i o n  o f  w e l l s  and  s h a f t  
i n  t h e  e a s t e r n  s e c t i o n  of t h e  Puna  R i f t ,  a n d  T a b l e  1 s u m m a r i z e s  
t h e  d a t a .  W i t h  a few e x c e p t i o n s ,  m o s t  o f  t h e  w e l l  wa te r  t e m -  
p e r a t u r e s  a r e  c o o l  o r  w a r m ,  b u t  n o t  h o t .  D a v i s  a n d  Yamanaga 
( 1 9 6 8 ,  p .  30), when d i s c u s s i n g  water  r e s o u r c e s  i n  P u n a ,  n o t e d  
" s p a r s e  t h e r m a l  a n o m a l i e s  t o  b e  s e e n  on i n f r a r e d  i m a g e s  o f  
n e a r - s h o r e  w a t e r  a l o n g  t h e  s o u t h  s h o r e  s u g g e s t  t h a t  much o f  t h e  
i s s u i n g  g r o u n d w a t e r  i s  w a r m e r  t h a n  t h e  s u r r o u n d i n g  sea  w a t e r . "  
Wells d r i l l e d  b y  t h e  H a w a i i  T h e r m a l  Power Company i n  1 9 6 1  
c o n f i r m  t h e  p r e s e n c e  o f  t e m p e r a t u r e s  as  h i g h  a s  93OC t o  102OC 
i n  o n e  p a r t  o f  t h e  e a s t  r i f t ,  b u t  t h e s e  t e m p e r a t u r e s  a r e  n o t  
h i g h  e n o u g h  f o r  a c o m m e r c i a l  g e o t h e r m a l  s y s t e m .  Macdona ld  
(1973)  t h i n k s  t h e  e a s t  r i f t  m i g h t  y i e l d  a g e o t h e r m a l  s y s t e m  
b u t  a t  d e p t h s  c o n s i d e r a b l y  b e l o w  sea  l e v e l ,  a n d  p r e s e n t  wel l s  
h a v e  n o t  p e n e t r a t e d  t h i s  d e e p .  A r e s i s t i v i t y  s u r v e y  c a n  
p e n e t r a t e  much d e e p e r  a n d  may show e v i d e n c e  o f  g r e a t e r  
t e m p e r a t u r e s  a t  d e p t h .  

4 



T a b l e  1. T a b u l a t i o n  of w e l l s  i n  t h e  e a s t e r n  p a r t  o f  t h e  P u n a  d i s t r i c t ,  
eas t  r i f t  z o n e  

' , 54  L o s t  t o o l  i n  ho 

132 L o s t  t o o l  i n  ho  

167 S t e a d y  t e m p e r a t u r e  

43  S t r o n g  c i r c u l a t i o n  
of sea wa te r  

215 '" 230 22 Tape w a t e r  i n  pyro-  2 
c l a s t i c  m a t e r i a l  

*23 F r e s h  w a t e r  

26 Unused 

2 

Domest ic  u s e ,  s h a f t  2 

v a r y  w i t h  t h e  t i d e .  

1 S t e a r n s ,  1966,  p. 248 

2 Davis  and Yamanaga, 1 

f Land and N a t u r a l  Resources  of H a w a i i ,  1970,  p. 145-146 

** 1 b i d . S  p .  155-157 
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EXPLANATION 
o DRILLED WELL 
x THERMAL WELL 

0 8 KM 

. Map of  t h e  Puna d i s t r i c t  showing t h e  
l o c a t i o n  o f  w e l l s  and s h a f t s .  

c 
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AN ELECTRICAL RESISTIVITY SURVEY OF THE PUNA AND 

KAU DISTRICTS, H A W A I I  COUNTY,  H A W A I I  

F 

. 
'W 

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

From May 2 0 ,  1 9 7 3  t o  J u l y  3 1 ,  1973,, a n  e l e c t r i c a l  
r e s i s t i v i t y  S u r v e y  w a s  c a r r i e d  o u t  o v e r  t h e  K i l a u e a  s h i e l d  
a r e a  o f  t h e  i s l a n d  o f  H a w a i i  t o  f i n d  l o c a t i o n s  f a v o r a b l e  f o r  
t h e  o c c u r r e n c e  o f  g e o t h e r m a l  f l u i d s .  The a reas  s u r v e y e d  l a y  
m a i n l y  i n  t h e  d i s t r i c t s  of Puna a n d  K a u ,  c o u n t y  o f  H a w a i i .  
I n  a d d i t i o n ,  a l i m i t e d  s e r i e s  o f  m e a s u r e m e n t s  w a s  made i n  
S o u t h  K o h a l a  d i s t r i c t  b e t w e e n  Kamuela a n d  K a w a i h a e ,  

The  e l e c t r i c a l  s u r v e y s  d e s c r i b e d  i n  t h i s  s e c t i o n  were 
f o r  r e c o n n a i s s a n c e ,  r a t h e r  t h a n  f o r  d e t a i l e d  e x p l o r a t i o n .  
The d i p o l e  mapp ing  t e c h n i q u e  was u s e d  ( K e l l e r  e t  a l . ,  1 9 7 5 ) .  
An e l e c t r i c  f i e l d  i s  s e t  up  b y  p a s s i n g  l a r g e  a m o u n t s  o f  low- 
f r e q u e n c y  c u r r e n t  i n t o  t h e  ea b e t w e e n  a p a i r  o f  e l e c t r o d e  
c o n t a c t s .  The ,  e l e c t r i c  fi e l o p e d  by  t h i s  c u r r e n t  i s  
mapped i n  d e t a i l  w i t h  m e a s u r e m e n t s ' o f  t h e  v o l t a g e  d r o p  b e t -  
ween c l o s e l y  s p a c e d  e l e c t r o d e  p a i r s  a t  many l o c a t i o n s  i n  t h e  
a r ea  a r o u n d  t h e  s o u r c e  b i p o l e .  L o c a l  i n c r e a s e s  i n  t h e  e lec-  
t r i c a l  c o n d u c t i v i t y  o f  t h e  r o c k ,  s u c h  as  a r e  u s u a l l y  a s s o c i a t e d  
w i t h  t h e  o c c u r r e n c e  o f  g e o t h e r m a l  f l u i d s  (Ke l l e r ,  1 9 7 0 ;  K e l l e r  
a n d  R a p o l l a , , 1 9 7 4 ) ,  d i s t o r t  t h e  p a t t e r n " o f  c u r r e n t  f l o w  a n d  
t h e  e l e c t r i c  f i e l d  p a t t e r n s  i n  w a y s , t h a t  c a n  u s u a l l y  b e  r e c o g -  
n i z e d .  

v e y  a r e a s  a r e  i n d i c a t e d  on F i g u r e  6 .  The  K i l a u e a  
s h i e l d  a r e a  w a s  s e l e c t e d  f o r  r e c o n n a i s s a n c e  b e c a u s e  a number  
o f  f a c t o r s  f a v o r  t h e  o c c u r r e n c e L o f  g e o t h e r m a l  h e a t  t h e r e .  A 
m a j o r  c o n s i d e r a t i o n  i s  K i l a u e a ' s  h i g h  l e v e l  o f  v o l c a n i c  a c t i v i t y  
d u r i n g  r e c o r d e d  h i s t o r y .  I n  a d d i t i o n ,  a number of d r i l l e d  
w e l l s  a l o n g  t h e  n o r t h e a s t  r i f t  z o n e  o f  K i l a u e a  h a v e  e n c o u n t e r e d  
s h a l l o w  t h e r m a l  wa te r s  w i t h  t e m p e r a t u r e s  r a n g i n g  f r o m  30' t o  
100'. F i n a l l y ;  t h e  r e l a t i v e l y  low a l t i t u d e  o f  K i l a u e a  

e o t h e r m a l  f l u i d s  

I n  a d i p o l e  mapp ing  s u r v e y ,  a l a r g e  amount  of c u r r e n t  i s  
c a u s e d  t o  f l o w  i n  t h e  e a r t h  b e t w e e n  e l e c t r o d e  c o n t a c t s  s i t e d  
i n  t h e  g e n e r a l  v i c i n i t y  t o  b e  i n v e s t i g a t e d .  The c u r r e n t  f l o w  
p a t t e r n  w i l l  b e  g o v e r n e d  b y  v a r i a t i o n s  i n  t h e  r e s i s t i v i t y  o f  
t h e  g r o u n d  t o  a d e p t h  c o m p a r a b l e  t o  t h e  o f f s e t  d i s t a n c e  a t  
w h i c h  m e a s u r e m e n t s  a r e  b e i n g  made ,  o r  t o  t h e  d e p t h  t o  b a s e m e n t  
r o c k  w i t h  h i g h  r e s i s t i v i t y ,  w h i c h e v e r  i s  l ess .  B e c a u s e  t h e  
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F i g u r e  6 .  Map o f  t h e  i s l a n d  of  Hawaii  showing 
t h e  a r e a s  where e l e c t r i c a l  s u r v e y s  were 
c a r r i e d  o u t .  Area 1 c o v e r s  t h e  R i l a u e a  
s h i e l d  i n  t h e  Ka'u and Puna d i s t r i c t s ,  
w h i l e  a r e a  2 i s  i n  t h e  South  Kohala 
d i s t r i c t .  E l e v a t i o n  c o n t o u r s  a r e  - 
i n  meters. 

c 
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b i p o l e  s o u r c e  i s  f i x e d  w h i l e  many m e a s u r e m e n t s  o f  e l e c t r i c  
f i e l d  a r e  made a r o u n d  i t ,  a n y  e l e c t r i c a l  n o n - u n i f o r m i t i e s  

- n e a r  t h e  s o u r c e  w i l l  a f f e c t  a l l -  t h e  m e a s u r e m e n t s  t o  a b o u t  
t h e  same e x t e n t ,  a n d  v a r i a t i o n s  i n  t h e  b e h a v i o r  of t h e  e l e c -  
t r i c  f i e l d  f r o m  o b s e r v a t i o n  p o i n t  t o  o b s e r v a t i o n  p o i n t  w i l l  
b e  i n d i c a t i v e  of  t h e  e l e c t r i c a l  s t r u c t u r e  o f  t h e  g r o u n d .  

&U 

. 

eme of a d i p o l e  mapping  s u r v e y  i s  shown 
i n  F i g u r e  7 .  Most  o f  t h e  s o u r c e  b i p o l e  l e n g t h s  were a p p r o x i -  
m a t e l y  3 km, b u t  i n  o n e  case i n  w h i c h  a p r e - e x i s t i n g  b i p o l e -  
was u s e d  ( s o u r c e  4), t h e  l e n g t h  w a s  8 km. Power w a s  p r o v i d e d  
f r o m  a 1 5 - K V A Y  s i n g l e - p h a s e ,  m o t o r  g e n e r a t o r  s e t .  The  1 1 5 - v o l t Y  
60-112 o u t p u t  w a s  s t e p p e d  up t o  880  v w i t h  a t r a n s f o r m e r ,  s w i t c h -  
e d  m e c h a n i c a l l y  and  r e c t i f i e d  t o  f o r m  d i r e c t - c u r r e n t  s t e p s .  
An 18-sec p e r i o d  of  r e v e r s a l  w a s  u s e d  t o  e n s u r e  enough t i m e  f o r  
t h e  c u r r e n t  t o  p e n e t r a t e  t o  t h e  maximum d e p t h  p o s s i b l e  d u r i n g  
e a c h  c u r r e n t  s t e p .  The  c u r r e n t  s w i t c h e s  were o p e r a t e d  a t  
u n e q u a l  i n t e r v a l s  s o  t h a t  t h e  c u r r e n t  p u l s e s  were non- symmet r i -  
c a l ,  w i t h  c u r r e n t  f l o w  i n  o n e  d i r e c t i o n  a b o u t  30% l o n g e r  i n  
d u r a t i o n  t h a n  t h a t  i n ' t h e  o p p o s i t e  d i r e c t i o n .  T h i s  non-  
symmetry  p e r m i t t e d  d e t e r m i n a t i o n  o f  t h e  p o l a r i t y  o f  t h e  
e l e c t r i c  f i e l d  a t  t h e  r e c e i v e r  s i t e .  

Some p r o b l e m s  were e n c o u n t e r e d  i n  o b t a i n i n g  g r o u n d  
c o n t a c t s  t h a t  wou ld  p e r m i t  t h e  u s e  o f  t h e  h i g h  c u r r e n t s  n o r m a l l y  
r e q u i r e d  i n  d i p o l e  mapp ing  s u r v e y s .  R e c e n t  s u r f i c i a l  l a v a s  
c o v e r i n g  a l m o s t  t h e  e n t i r e  Puna  and  Kau  d i s t r i c t s  h a v e  a n  
e x t r a o r d i n a r i l y - h i g h  r e s i s t i v i t y  so  t h a t  even l a r g e - a r e a  
e l e c t r o d e s  p l a n t e d  a t  t h e  s u r f a c  h a v e  a h i g h  r e s i s t a n c e .  I n  
cases  w h e r e  e x i s t i n g  meta l  s t r u c t u r e s  s u c h  a s  w e l l  c a s i n g s  
o r  r o a d  c u l v e r t s  were a v a i l a b l e ,  s u c h  s t r u c t u r e s  were u s e d  
f o r  g r o u n d s  a n d  good g r o u n d i n g  was o b t a i n e d .  I n  t h e  few a r e a s  
w h e r e  no  s u c h  s t r u c t u r e s  were a v a i l a b l e ,  l e n g t h s  o f  m e t a l  p i p e  
'were b u r i e d  i n  s h a l l o w  t r e n c h e s  t o  s e rve  as  e l e c t r o d e s .  W i t h  
12 m o f  p i p e  i n  a t r e n c h ,  w e t  down w i t h  s a l t  w a t e r ,  a g r o u n d -  
i n g  r e s i s t a n c e  o f  100  ohms c o u l d  b e  o b t a i n e d .  C u r r e n t  s t e p  
a m p l i t u d e s  r a n g e d  f r o m  1 t o  2 amps w h e r e  g r o u n d  c o n t a c t  was 
p o o r ,  and  10 t o  20 amps w h e r e  e x i s t i n g  m e t a l  s t r u c t u r e s  were 
u s e d  f o r  g r o u n d s .  The c u r r e n t  s t e p  a m p l i t u d e s  were m o n i t o r e d  
v i s u a l l y  w i t h  a meter  and  r e c o r d e d .  

The  c u r r e n t  f i e l d  f rom a s o u r c e  b i p o l e  w a s  mapped by  
. r e c o r d i n g  t h e  v o l t a g e  d r o p  b e t w e e n  e l e c t r o d e  p a i r s  a t  many 

p o i n t s  a r o u n d  t h e  s o u r c e  b i p o l e .  B e c a u s e  t h e  d i r e c t i o n  o f  
c u r r e n t  f l o w  a t  a m e a s u r e m e n t  s i t e  i s  u n p r e d i c t a b l e ,  t h e  
t o t a l  v o l t a g e  d r o p  m u s t  b e  d e t e r m i n e d  b y  mak ing  a p a i r  o f  
m e a s u r e m e n t s  w i t h  e l e c t r o d e  p a i r s  o r i e n t e d  a t  r i g h t  a n g l e s  t o  
one  a n o t h e r  and  a d d i n g  t h e s e  v o l t a g e s  v e c t o r i a l l y .  Measuremen t s  

1 
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Ld* 
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. I  

c 

SOURCE BIPOLG 

F i g u r e  7 .  Layout o f  e l e c t r o d e s  f o r  a d i p o l e  
mapping s u r v e y .  The o f f s e t  d i s t a n c e  
( s o u r c e - r e c e i v e r  s e p a r a t i o n )  i s  
d e f i n e d  i n  t h i s  r e p o r t  a s  R2, t h e  
d i s t a n c e  from t h e  n e a r e s t  s o u r c e  
e l e c t r o d e  t o  t h e  measurement p o i n t .  
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were made w i t h  e l e c t r o d e  s e p a r a t i o n s  o f  30 t o  300 m ,  t h e  
l a r g e r  s e p a r a t i o n s  b e i n g  u s e d  i n  a r eas  w h e r e  t h e  s i g n a l  

D C  e l e c t r o m e t e r - v o l t m e t e r  and  r e c o r d e r ,  o n  w h i c h  t h e  d e f l e c -  
t i o n  o f  t h e  t r a c e  was m e a s u r e d  a s  t h e  d i r e c t i o n  o f  c u r r e n t  
f l o w  i n  t h e  e a r t h  r e v e r s e d .  A t  t h e  maximum s e n s i t i v i t y  o f  
t h e  r e c o r d e r ,  d e f l e c t i o n s  a s  s m a l l  as  5 P V  c o u l d  b e  r e c o g n i z e d .  
A r e c o r d  o b t a i n e d  w i t h  t h e  r e c o r d i n g  s y s t e m  i s  shown i n  
F i g u r e  8 .  

;b 

r l e v e l  w a s  low. The  r e c e i v i n g  s y s t e m  c o n s i s t e d  o f  a s e n s i t i v e  

The  p r i m a r y  d a t a  o b t a i n e d  may b e  c o n v e r t e d  t o  
o f  a p p a r e n t  r e s i s t i v i t y  u s i n g  s e v e r a l  d i f f e r e n t  f o r  
c o n v e n t i o n a l  manner  o f  d e f i n i n g  a p p a r e n t  r e s i s t i v i t y  i s  t o  
c o n s i d e r  w h a t ’ r e s i s t i v i t y  a u n i f o r m  e a r t h  would  h a v e  t o  h a v e  
t o  p r o v i d e  t h e  v o l t a g e s  a c t u a l l y  o b s e r v e d  i n  t h e  r e a l  e a r t h .  
I n  a u n i f o r m  e a r t h ,  c u r r e n t  s p r e a d s  o u t  f rom a s i n g l e  e l ec -  
t r o d e  w i t h  s p h e r i c a l  symmetry .  The  e l e c t r i c  f i e l d  a l o n g  t h e  
s u r f a c e  o f  t h e  e a r t h  a t  a d i s t a n c e  R 1  f r o m  a s i n g l e  e l e c t r o d e  
t h r o u g h  w h i c h  a c u r r e n t  I i s  f l o w i n g  i s  g i v e n  by:  

=PI 2 ( 1) 
2nR1 

w h e r e  p i s  t h e  r e s i s t i v i t y  o f  t h e  assumed u n i f o r m  e a r t h .  When 
two s o u r c e  e l e c t r o d e s  a r e  u s e d  i n s t e a d  of o n e ,  t h e r e  i s  a 
s e c o n d  c o n t r i b u t i o n  t o  t h e  e l e c t r i c  f i e l d  f rom c u r r e n t  f l o w i n g  
f r o m  t h e  s e c o n d  e l e c t r o d e :  

(2)  - P I  
E 2  2nR2 2 

Z S  

w h e r e  R2 i s  t h e  d i s t a n c e  f r o m  t h e  o b s  
s e c o n d  c u r r e n t  e l e c t r o d e .  

The  e l e c t r i c  f i e l d s  E 1  and  E2 a r e  v e c t o r  q u a n t i t i e s ,  and  
s o  m u s t  b e . a d d e d  v e c t o r i a l l y  t o  g i v e :  

4 112  
- 1  

E ( 3 )  P I  ( 5 )  R1 c o s  Di 
ET 2 
- 
2nR1 
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I n v e r s i o n  o f  t h i s  e q u a t i o n  t o  o b t a i n  a n  e x p r e s s i o n  f o r  p 
p r o v i d e s  t h e  d e f i n i t i o n  o f  a p p a r e n t  r e s i s t i v i t y  u s e d  i n  d i p o l e  

E 

&U 

d mapping:  
1 

(4 1 = K  K 'a g l  g2  I 

w h e r e  

a n d  

2 K = 2rR1 
g l  

- 1 / 2  

c o s  I) ] 
T h i s  f o r m u l a  i s  u s e f u l  f o r  c o m p u t a t i o n s  i n  t h e  f i e l d  

w h e r e  a c o m p u t e r  i s  n o t  a v a i l a b l e .  The  f i r s t  g e o m e t r i c  
f a c t o r ,  K g l ,  i s  e x a c t l y  t h e  S c h l u m b e r g e r  a r r a y  g e o m e t r i c  
f a c t o r  i f  t h e  d i s t a n c e  R1 i s  C o n s i d e r e d  t o  b e  e q u i v a l e n t  t o  
h a l f  t h e  c u r r e n t  e l e c t r o d e  s e p a r a t i o n  i n  t h e  S c h l u m b e r g e r  
a r r a y  (Kel ler ,  1 9 6 6 ) .  
b e  c o n s i d e r e d  t o  b e  a c o r r e c t i o n  t o  t h e  S c h l u m b e r g e r  o r m u l a ,  
a n d  c a n  b e  r e a d  f r o m  t a b l e s  o n c e  t h e  p a r a m e t e r s  R1/R2 a n d  D 
h a v e  b e e n  s c a l e d  f r o m  t h e  s u r v e y  b a s e d  map. A c h a r t  f o r  
d e t e r m i n i n g  t h e  v a l u e  f o r  K g 2  is shown i n  F i g u r e  9 .  

The  s e c o n d  g e o m e t r i c  f a c t o r ,  Kp2, c a n  

I n  a r e a l  e a r t h ,  t h e  a s s u m p t i o n  o f  u n i f o r m  r e s i s t i v i t y  
i s  n o t  n o r m a l l y  w a r r a n t e d .  I n  g e o t h e r m a l  e x p l o r a t i o n ,  a 
more  r e a l i s t i c  mode l  i n  many cases  is t h a t  o f  a c o n d u c t i v e  
s e c t i o n  o f  r o c k  r e s t i n g  on  a h i g h  r e s i s t i v i t y  b a s e m e n t .  I n  
t h i s  case ,  t h e  c o m p u t a t i o n  o f  a p p a r e n t  r e s i s t i v i t y  o n  t h e  
b a s i s  o f  a s s u m i n g  s p h e r i c a l  s p r e a d i n g  of  c u r r e n t  may n o t  b e  
a p p r o p r i a t e .  A more  m e a n i n g f u l  way t o  r e d u c e  t h e  f i e l d  
d a t a  i s  t o  u s e  a f o r m u l a  b a s e d  on  t h e  a s s u m p t i o n  o f  c y l i n d r i c a l  
s p r e a d i n g  i n  a p l a t e ,  t h e  e l e c t r i c  f i e l d  d e p e n d s  on t h e  r a t i o  
o f  p l a t e  t h i c k n e s s  t o  r e s i s t i v i t y ,  h / p ,  a q u a n t i t y  known a l s o  
a s  t h e  c o n d u c t a n c e  o t h e  p l a t e ,  S. h e  e l e c t r i c  f i e l d  a t  t h e  
s u r f a c e  o f  t h e  p l a t e  o r  a c u r r e n t  p r e a d i n g  f r o m  a s i n g l e  
e l e c t r o d e  is:  

* 1 
2 r S R 1  (5) 

w h e r e  R1 i s  a g a i n  t h e  d i s t a n c e  f r o m  t h e  f i r s t  c u r r e n t  e l ec -  
t r o d e  t o  t h e  o b s e r v a t i o n  39,Pnt.  W i t h  t h e  a d d i t i o n  o f  a s e c o n d  

TU 
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electrode to complete the bipole current source, the 
contribution of a second electric field at the observation 
point must be considered: 

-I 
28 SRg E2 = 

The vector sum of these two electric fields is: 

5 

c 

=kr 

I - - 
ET 2nSR1 

I 

Solution of this equation for S provides the definition 
of "apparent conductance", Sa, under the assumption of cylin- 
drical symmetry the spreading of current through a uniform 
conducting plate 

Values were computed for both apparent resistivity and 
apparent conductance f.or all measurements made during this 
survey. These are merely different forms for presentation 
of the same original data, The choice of which form to use 
is a matter of convenience, and depends on the character of 
the data acquired. 

Maps of apparent resistivity and apparent conductance 
obtained in a dipole mapping survey are useful primarily in 
looking for the boundaries of a conductive area such as may 
be associated with hot-water-filled geothermal reservoir. 
One of the primary evaluation methods is to compare the 
data obtained in the field survey with contour maps of data 
obtained in computer studies of hypothetical models (&, 
1973; Furgerson and Keller, 1974; Keller et al., 1975). 
Figure 10 is a simple example of such a model study, a con- 
tour map of apparent resistivity for a single conductive 
layer on an insulating basement structure. 
pattern on the apparent resistivity contours represents the 
increasing effec of the resistant basement on the measurements 

The elliptical 

distances from the source. If a geothermal reser- 
present and were characterized by a local area of 
ivity, these elliptical contours would be distorted. 

However, the effect of basement provides an interference 
that makes it difficult to recognize the presence of local 
anomalies in resistivity, unless they are profound. 
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F i g u r e  1 0 .  Apparent r e s i s t i v i t y  c o n t o u r s  computed 
f o r  t h e  c a s e  o f  a c o n d u c t i v e  l a y e r  
r e s t i n g  on an i n s u l a t i n g  substratum.  
The d e p t h  t o  t h e  i n s u l a t i n g  l a y e r  
i s  e q u a l  t o  h a l f  t h e  s o u r c e  b i p o l e  
l e n g t h .  S u r f a e e  l a y e r  r e s i s t i v i t y  
i s  u n i t y .  
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8 0.4 

g r e a t e r ,  b o t h  t h e  c o n t o u r s  shown 

m i g r a t e  outward. 
. 
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A contour map of apparent conductance values for the 
same case (Figure 11) illustrates the advantage of using 
apparent conductance values when the effect of a resistant 
basement structure is obvious in the data. Use o f  apparent 
conductance removes the strong tendency for contours to 
form elliptical patterns and makes recognizing local anomalies 
somewhat easier. 

If the lower layer were more conductive than the sur- 
face layer, the apparent resistivities would again 
form an elliptical pattern about the bipole source, with the 
value of apparent resistivity decreasing rapidly at distances 
greater from the source. It is possible to compute apparent 
conductance in this case, but the use of such values is 
not advantageous because the conductance will increase even 
more rapidly with distance from the source than the rate at 
which inverse resistivity would increase. Consequently, 
apparent conductance contours would provide an even more 
complicated elliptical pattern than would the apparent 
resistivity values; in this case, it is necessary to use the 
apparent resistivities. 

Normally, the information needed to choose between the 
two forms of data presentation is not known at the time the 
survey is carried out. The best mode of presentation is 
usually determined by the overall behavior of the field data. 
A simple way of examining the data is to plot the apparent 
resistivity determinations for each dipole source as a function 
of the distance to the source (for standardization, the distance 
to the nearer end of the source was used here (R2 in Fig. 7 ) .  
Such a plot will show considerable scatter when there are lat- 
eral variations in the electrical properties of the ground, 
but it will also show the general trend of resistivities with 
distance, which reflects the variation of resistivity with 
depth in the earth. A summary of these trends for many of the 
bipole sources used in the Puna and Kau districts is shown in 
Figure 12. In many cases, the presence of resistant rock 
at a depth of about 2 to 2-1/2 km causes the data to exhibit 
behavior that would warrant the use of apparent conductance 
values, at least for measurements at distances greater than a 
few kilometers from the sources. However, many of the 
trend lines show a very large decrease in apparent resistivity 
with distance. These measurements were made at higher eleva- 
tions where the effect of resistant basement benea.th the con- 
ductive zone is not evident even at the largest distances. 
Because it would be inappropriate to use apparent conductance 
maps for these cases, apparent resistivity maps are presented 
for all bipole sources to provide consistency. 

.i 
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b- 
One would  w i s h  t o  h a v e  t h e  c o n t o u r s  o f  a p p a r e n t  resist-  

i v i t y  f o l l o w  c l o s e l y  t h e  b o u n d a r i e s  o f  r e g i o n s  h a v i n g  
d i f f e r e n t  e l e c t r i c a l  c h a r a c t e r i s t i c s ,  so  ' t h a t  a non-ambiguous  
i n t e r p r e t a t i o n  m i g h t  b e  made by e x a m i n i n g  c o n t o u r  maps of  
a p p a r e n t  r e s i s t i v i t y  v a l u e .  U n f o r t u n a t e l y ,  t h i s  is r a r e l y  
t h e  c a s e .  I t  is a p p r o x i m a t e l y  t r u e  o n l y  when t h e  d i m e n s i o n s  
o f  a n  a n o m a l o u s  a rea  are  s m a l l  compared  t o  t h e  d i s t a n c e  f r o m  
t h e  s o u r c e ,  a n d  t h e n  o n l y  i f  t h e r e  are  no  o t h e r  a n o m a l o u s  
area w i t h i n  r a n g e  o f  t h e  same s o u r c e .  I n  t h e  case of l i n e a r  
b o u n d a r i e s  b e t w e e n  r e g i o n s  w i t h  d i f f e r e n t  r e s i s t i v i t i e s ,  t h e  ~ 

a p p a r e n t  r e s i s t i v i t y  c o n t o u r  p a t t e r n s  may v a r y  r a d i c a l l y ,  
d e p e n d i n g  o n  t h e  p o s i t i o n  o f  t h e  s o u r c e  b i p o l e  w i t h  r e s p e c t  
t o  t h e  b o u n d a r y .  B e c a u s e  o f  t h i s ,  when a b o u n d a r y  is l o c a t e d  
f rom o n e  b i p o l e  s o u r c e ,  i t  is a d v i s a b l e  t o  e x a m i n e  t h e  same 
b o u n d a r y  a s  i l l u m i n a t e d  w i t h  c u r r e n t  f r o m  o t h e r  b i p o l e  
s o u r c e s  s i t u a t e d  w i t h  a d i f f e r e n t  a s p e c t  t o  t h e  b o u n d a r y .  
The r e a s o n  may b e  s e e n  by e x a m i n i n g  c o m p u t e r  mode l  s t u d i e s  
f o r  t h e  s i m p l e  case o f  a s i n g l e ,  v e r t i c a l  f a u l t - l i k e  
b o u n d a r y .  

A p p a r e n t  r e s i s t i v i t y  c o n t o u r  maps a r e  shown f o r  t h e  case  
o f  a s i n g l e  b o u n d a r y  s e p a r a t i n g  two r e g i o n s  i n  w h i c h  t h e  
r e s i s t i v i t y  v a r i e s  by  a f a c t o r  o f  1 0 .  The  c o n t o u r  map i n  
F i g u r e  13 is f o r  t h e  c a s e  i n  w h i c h  t h e  b i p o l e  s o u r c e  l i e s  o n  
t h e  c o n d u c t i v e  s i d e  o f  t h e  b o u n d a r y ;  F i g u r e  1 4  is f o r  t h e  
c a s e  i n  w h i c h  t h e  s o u r c e  l i e s  o n  t h e  r e s i s t i v e  s i d e  o f  t h e  
b o u n d a r y .  From F i g u r e  13 ,  we see some o f  t h e  p a t t e r n s  t h a t  
make d i r e c t  i n t e r p r e t a t i o n  o f  d i p o l e  r e s i s t i v i t y  maps u n c e r t a i n :  

1. T h e r e  is a n  a r e a  o f  a n o m a l o u s l y  low a p p a r e n t  
r e s i s t i v i t y  on  t h e  s i d e  o f .  t h e  b o u n d a r y  f a c i n g  
t h e  s o u r c e  b i p o l e .  T h i s  is l o w e r  t h a n  a n y  r e a l  r e s i s t -  
i v i t y  i n  t h e  model  by a f a c t o r  o f  2 .  

2. The a p p a r e n t  r e s i s t i v i t y  on t h e  f a r  s i d e  o f  t h e  
f a u l t  b o u n d a r y  i s  o n l y  s l i g h t l y  h i g h e r  t h a n  t h a t  
o n  t h e  n e a r  s i d e ,  e v e n  t h o u g h  t h e  t r u e  r e s i s t i v i t i e s  
v a r y  by a f a c t o r  o f  1 0 .  

B e c a u s e  o f  t h e s e  combined  f a c t o r s ,  i t  is p o s s i b l e  f o r  a 
r e s i s t i v e  b o u n d a r y  s u c h  as  a f a u l t  t o  be m i s i n t e r p r e t e d  as 
b e i n g  a l o c a l  c o n d u c t i v e  f e a t u r e  i f  t h e  a r e a  o f  l o w  a p p a r e n t  
r e s i s t i v i t y  is i l l u m i n a t e d  f r o m  o n l y  t h i s  o n e  b i p o l e  s o u r c e .  
I f  t h e  a n o m a l o u s  a r ea  disappears o r  moves a s  t h e  s o u r c e  is 
r e l o c a t e d ,  t h e  r e a l i t y  o f  t h e  anomaly  m u s t  b e  s u s p e c t .  

The  b e h a v i o r  o f  t h e  a p p a r e n t  r e s i s t i v i t y  c o n t o u r s  i s  
l ess  m i s l e a d i n g  i f  t h e  s o u r c e  is l o c a t e d  o n  t h e  h i g h  r e s i s t i v i t y  

bpi* 
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F i g u r e  1 3 .  B i p o l e  r e s i s t i v i t y  map f o r  a bo'undary 
s e p a r a t i n g  r e g i o n s  w i t h  a t e n f o l d  
c o n t r a s t  i n  r e s i s t i v i t y .  
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0.f8 
F i g u r e  1 4 .  D i p o l e  r e s i s t i v i t y  map f o r  a boundary 

s e p a r a t i n g  r e g i o n s  w i t h  a t e n f o l d  con- 
t r a s t  i n  r e s i s t i v i t y .  
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s i d e  o f  t h e  b o u n d a r y  as i n  F i g u r e  1 4 .  Here,  - t h e r e  a re  m i n o r  
i n c r e a s e s  a n d  d e c r e a s e s , i n  a p p a r e n t  r e s i s t i v i t y  o n  t h e  s i d e  
o f  t h e  b o u n d a r y  f a c i n g  t h e  s o u r c e ,  b u t  a j o r  c h a n g e  i n  
a p p a r e n t  r e s i s t i v i t y  i s  t h e  d e c r e a s e  o d i n  c r o s s i n g  t h e  
f a u l t .  I t  is c lea r  t h a t  i n  d i p o l e  mapping r e s u l t s  are  more  
d e f i n i t i v e  when a c o n d u c t i v e  r e g i o n  i s  i l l u m i n a t e d  u s i n g  a 
s o u r c e  l o c a t e d  o u t s i d e  t h e  c o n d u c t i v e  a r ea  t h a n  i n  t h e  i n v e r s e  
case.  T h i s  i s  f u r t h e r  i l l u s t r a t e d  by  p r o f i l e s  o f  a p p a r e n t  
r e s i s t i v i t y  o b s e r v e d  a l o n g  t raverses  c r o s s i n g  t h e  b o u n d a r y  
( F i g u r e s  15  a n d  1 6 ) .  I n  F i g u r e  15 s u c h  p r o f i l e s  a r e  shown 

, f o r  two o r i e n t a t i o n s  o f  t h e  s o u r c  b i p o l e ,  o n e  p e r p e n d i c u l a r  
t o  t h e  b o u n d g r y  ( t h e  u p p e r  c u r v e )  a n d .  o n e  p a r a l l e l  t o  t h e  
b o u n d a r y  ( t h e  l o w e r  c u r v e )  f o r  t h  case i n  w h i c h  t h e  s o u r c e  
i s  l o c a t e d  i n  t h e  c o n d u c t i v e  r e g i o n .  The  jump i n  a p p a r e n t  
r e s i s t i v i t y  i s  o n l y  by a f a c t o r  o f  1 .8  a t  t h e  b o u n d a r y ,  
r a t h e r  t h a n  b y - t h e  a c t u a l  f a c t o r  o f  10. M o r e o v e r ,  i f  t h e  
s o u r c e  i s  p a r a l l e l  t o  t h e  b o u n d a r y ,  a sma l l  a r ea  o f  v e r y  low 
r e s i s t i v i t y  a p p e a r s  o n  t h e  s i d e  o f  t h e  b o u n d a r y  f a c i n g  t h e  
s o u r c e .  On t h e  o t h e r  h a n d ,  i f  t h e  s o u r c e  i s  l o c a t e d  o n  t h e  
r e s i s t i y e  s i d e  o f  t h e  b o u n d a r y ,  as  f o r  t h e  c u r v e s  i n  F i g u r e  
1 6 ,  t h e . e f f e c t  o f  t h e  b o u n d a r y  on  t h e  m e a s u r e m e n t s  i s  p r o f o u n d  
and  u n m i s t a k a b l e .  However,  e v e n  i n  t h i  s e ,  t h e  c o n t ’ r a s t  
i n  a p p a r e n t  r e s i s t P v i t y  on c r o s s i n g  t h  u n d a r y  i s  l e s s  

-u 

t h a n  t h e  c o n t r a s t  i n  a c t u a l  r e s i s t i v i t i e s .  
, 

E 
Many more com l i c a t e d  m o d e l s  may b e  u s e d  f o r  c o m p u t e r  

s t u d i e s  , r e l a t e d  t o  i n t e r p r e t a t i o n  o f  d i p o l e  mapp ing  s u r v e y s .  
However,  t h e s e  f e w  examples  a r e  a d e q u a t e  t o  e x p l a i n  t h e  s t r a -  
t e g i e s  u s e d  i n  t h e  s u r v e y  o f  t h e  Puna a n d  Kau d i s t r i c t s .  
A l t h o u g h  1 4  s o u r c e s - w e r e  u s e d ,  e a c h  c o v e r i n g  a n  area o f  130  
t o  200 s’q km, c o n s i d e r a b l e  o v e r l a p p i n g  c o v e r a g e  w a s  p r o v i d e d  
i n  two a reas  w h e r e  a n o m a l o u s l y  low r e s i s t i v i t y  f e a t u r e s  
were r e c o v n i z e d . .  B e c a u s e  o f  h i s  o v e r l a p p i n g  c o v e r a g e ,  a 
t o t a l  a r e a  o f  h p p r o x i m a t e l y  6 0  sq km was c o v e r e d ! b y  t h e  
s u r v e y s  d e s c r i b e d  i n  t h i s  r e p o r t .  

i n g  r e s i s t i v i t y  

f r o m  t h e  n e a r  
e l e c t r o d e  
d e t e r m i n e d  

T h e r e f o r e ,  t h e  r e s u l t s  w i l l  b e  p r e s e n t e d  f o r  e a c h  b i p o l e  s o u r c e  
i n d i v i d u a l l y .  The  s o u r c e  l o c a t i o n s  o f  t h e s e  s m a l l  maps a r e  
i n d i c a t e d  on  a l a r g e r  map c o v e r i n g  t h e  e n t i r e  s u r v e y  a rea  i n  
t h e  Puna  a n d  Kau d i s t r i c t s  ( F i g u r e  1 7 ) .  

‘c-i 

I 
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. - F , i g u r e  15. A p p a r e n t  r e s i s t i v i t y  p r o f i l e s  f o r  t raverses 

c r o s s i n g  a b o u n d a r y  t h a t  s e p a r a t e s  two 
r e g i o n s  w i t h  t e n f o l d  d i f f e r e n t  r e s i s t i -  
v i t i e s .  The s o u r c e  i s  l o c a t e d  on  t h e  
c o n d u c t i v e  s i d e  o f  t h e  b o u n d a r y ,  The  
u p p e r  p r o f i l e  a p p l i e s  f o r  t h e  case  i n  
wh ich  t h e  s o u r c e  i s  p e r p e n d i c u l a r  t o  
t h e  b o u n d a r y ,  w h i l e  t h e  lower p r o f i l e  
a p p l i e s  i n  t h e  c a s e  i n  w h i c h  t h e  s o u r c e  
i s  p a r a l l e l .  I 

I , 

. . ,. i.. ~ ~ 
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e n t  res i s t  i v i  

t h e  r e s i s t i v e  s e i d e  

t h e  c a s e  i n  which t h e  

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

I d i c u l a r  t o  t h e  f a u l t ,  w h i l e  the lower 
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F o r  t h e  r e s i s t i v i t y  c o n t o u r  maps ,  a g e o m e t r i c  p r o g r e s s i o n  
o f  c o n t o u r e d  i n t e r v a l s  i s  u s e d ,  t h a t  is, t h e  c o n t o u r  l e v e l s  
a r e  2 . 5 ,  5, 1 0 ,  2 0 ,  4 0 ,  80, 150,‘  320 ohm-m. . C o n s i d e r a b l e  
d i f f i c u l t i e s  were c a u s e d  by t h e  p r e s e n c e  o f  power  l i n e s  a l o n g  
some o f  t h e  m a j o r  r o a d s  i t h e  s u r v e y  a r ea .  T h e s e  power  l i n e s  
c o n t a i n e d  a n e u t r a l  condu  r g r o u n d e d  a t  i n t e r v a l s  o f  8 0 0  m 
o r  s o .  T h i s  gounded n e u t r a l  c o n d u c t o r  s e r v e d  t 
t h e  n o r m a l  c u r r e n t ,  caus!ing a h i g h  r e s i s t i v i t y  
t h e  power  l i n e s  a n d  f o r  up t o  0 m on  e i t h e r  s i d e  o f  
l i n e s .  I n  t h e  c o n t o u r  maps ,  se  f e a t u r e s  a r e  m i s l e a d i n g ,  
a n d  s h o u l d  n o t  b e  c o n s i d e r e d  s i g n i f i c a n t  i n  terms of  e a r t h  
e l e c t r i c a l  s 

S o u r c e  1 ( F i g s  1 8  a n d  1 9 ) .  L o c a t e d  a t  t h e - s u r n m i t . o f  
K i l a u e a  v o l c a n o ,  a s h o r t  d i s t a n c e  s o u t h  o f  Halemaumau Cra te r .  
Much o f  t h e  a r e a ’ c o v e r e d  f rom t h i s  s o u r c e  l i e s  w i t h i n  t h e  
H a w a i i a n  V o l c a n o e s  N a t i o n a l  P a r k ,  a n d  so  c a n n o t  b e  c o n s i d e r e d  
a l e g i t i m a t e  a rea  f o r  p r o s p e c t i n g  f o r  c o m m e r c i a l  g e o t h e r m a l  
p o t e n t i a l .  However,  t h i s  a r e a  i n c l u d e s  t h e  s i t e  o f  t h e  K i l a u e a  
g e o t h e r m a l  t e s t  w e l l ,  d r i l l e d  a s  r t  o f  a N a t i o n a l  S c i e n c e  
F o u n d a t i o n - f u n d e d  p r o j e c t ,  a n d  a t  h e  t i m e  o f  t h i s  s u r v e y  w a s  
t h e  o n l y  l o c a t i o n  w h e r e  d e t a i l e d  f o r m a t i o n  w a s  a v a i l a b l e  on  
t h e  e l e c t r i c a l  p r o p e r t i e  f r o c k  a t  d e p t h  i n  H a w a i i .  F u r t h e r -  
m o r e ,  i t  w a s  n e c e s , s a r y  t e t e r m i n e  w h e t h e r  o r  n o t  t h e  geo -  
t h e r m a l  s y s t e m  a s s o c i a t e d ‘ w i t h  t h e  summit  a c i t v i t y  o f  K i l a u e a  
m i g h t  e x t e n d  bey~ond  t h e  P a r k  b o u n d a r i e s ,  w h e r e  i t  m i g h t  b e  
e x p l o i t e d .  

The  s o u r c e  b i p o l e  w a s  unded  a t  o n e  e n d  t h r o u g h  t h e  
c a s i n g  o f  t h e  K i l a u e a  t e s t ’ h b l e  ( t h e  c a s i n g  e x t e n d e d  t o  317-m 
d e p t h ,  a n d  h a d  v i r t u a l l y  n o  g n d i n g  r e s i s t a n c e )  and  a t  t h e  
o t h e r  e n d  by l e n g t h s  of  p i p e  i e d  30  t o  6 0  c m  d e e p  i n  a n  a s h  
d e p o s i t .  A p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  f r o m  t h i s  s o u r c e  
( F i g .  18) shows a s t r o n g  e l l i p t i c a l  p a t t e r n  at d i s t a n c e s  l e s s  
t h a n  a f e w  k i l o m e t e r s  a b o u t  t h e  s o u r c e ,  w i t h  r e s i s t i v i t y  
d e c r e a s i n g  w h d i s t a n c e .  The  l o w e s t  a p p a r e n t  r e s i s  
a r e  mapped a t h e - e a s t e r l y  e n d  o f  t h e  s o u t h w e s t  r i f t  
K i l a u e a ,  w i t h  v a l u e s  o f  3.5 t o  4.0 ohm-m a r a c t e r i z i n g  t h i s  
a n o m a l o u s  a rea  A p p a r e n t  r e s i s t i v i t y  va s u r e d  a l o n g  
t h e ,  u p p e r  p a r t  R i f t  , w h e r e  t h e r  b e e n  much re -  
c e n t  v o l c a n i c  a c t i v i t y  e o n l y  m o d e r a t e l y  
o b v , i o u s l y  a n o m a l o u s .  

A p p a r e n t  . r e s i s t i v i t y  v a l u e s  f u n c t i o n  o f  d i s t a n c e  
t h e  s o u r c e  ( F i g .  1 9 )  ( t h e  v ow ‘ v a l u e s  obser -ved  a l o n g  

t h e  s o u t h w e s t  r i f t  a r e  d e l e t e d ) :  T h e s e  d a t a  may b e  i n t e r p r e t -  
e d  a s , r e p r e s e n t i n g  a s u r f a c e  l a y e r  o f  v e  h i g h  r e s i s t i v i t y ,  
b e t w e e n  ,2000 a n d  5000  ohm-m, e x t e n d i n g  t a d e p t h  o f  a b o u t  
600  m .  T h i s  i s  u n d e r l a i n  i n  t u r n  by r o c k  w i t h  a r e s i s t i v i t y  
o f  a b o u t  6 ohm-m e x t e n d i n g  t o  a d e p t h  o f  a p p r o x i m a t e l y  2000 
m.  The  r o c k  a t  g r e a t e r  d e p t h  a p p e a r s  t o  b e  much more r e s i s t a n t ,  
b u t  i t  i s  p o s s i b l e  t h a t  t h e  i n c r e a s e  i n  a p p a r e n t  r e s i s t i v i t y  
a t  t h e  l a r g e r  d i s t a n c e s  i s . c a u s e d  by l a t e r a l  c h a n g e s  i n  t h e  
r e s i s t i v i t y  o f  s h a l l o w e r  r o c k s .  

LJ 



34 

039 
0 37 

064 
0 I 

0135 

2km 
-- 

028 

Figure 1 8 .  Apparent resistivity map a b o u t  b i p o l e  
s o u r c e  1 .  
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Ld 
S o u r c e  2 ( F i g .  20). L o c a t e d  s o u t h  p f  Pahoa  on  t h e  r o a d  

t o  Kaimu. T h i s  s o u r c e  w a s  g r o u n d e d  a t  t h e  s o u t h  end  t h r o u g h  
t h e  c a s i n g  o f  a g e o t h e r m a l  w e l l  d r i l l e d  i n  t h e  e a r l y  1 9 6 0 ' s  a n d  
a t  t h e  n o r t h  e n d  t h r o u g h  s t a k e s  d r i v e n  i n t o  t h e  g r o u n d .  The  
a p p a r e n t  r e s i s t i v i t y  c o n t o u r s  ( F i g .  2 0 )  were n o t  e x t e n d e d  t o  
i n c l u d e  many o f  t h e  m e a s u r e m e n t s  a r o u n d  P a h o a ;  t h e  v e r y  h i g h  
v a l u e s  o f  a p p a r e n t  r e s i s t i v i t y  o b s e r v e d  i n  t h a t  a r ea  a r e  
e r r o n e o u s ,  c a u s e d  by a g r o u n d e d  n e u t r a l  o n  t h e  power  l i n e - p a s -  
s i n g  t h r o u g h  P a h o a .  An e l l i p t i c a l  p a t t e r n  c h a r a c t e r i s t i c  o f  
a s u r f a c e  l a y e r  w i t h  h i g h  r e s i s t i v i t y  may b e  s e e n  f o r  t h e  
m e a s u r e m e n t s  made w i t h i n  a k i l o m e t e r ' s  d i s t a n c e  f r o m  t h i s  s o u r c e ,  
b u t  t h e  p a t t e r n  i s  s t r o n g l y  d i s t o r t e d  by  o t h e r  e f f e c t s .  Of 
g r e a t e s t  i n t e r e s t  i s  t h e  r e g i o n  o f  l ow r e s i s t i v i t y  j u s t  d o w n h i l l  
f r o m  t h e  r i f t  z o n e ,  a n  a rea  w h e r e  t h e  r e s i s t i v i t i e s  Are 
l e s s  t h a n  10 ohm-m. 

No p l o t  o f  a p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i o n  o f  d i s t a n c e  
i s  i n c l u d e d  f o r  t h e  m e a s u r e m e n t s  made f r o m  s o u r c e  2 .  The 
s t r o n g  l a t e r a l  c h a n g e s  i n  r e s i s t i v i t y  mask t h e  e f f e c t  o f  
h o r i z o n t a l  l a y e r i n g  t o  s u c h  a n  e x t e n t  t h a t  s u c h  a p l o t  i s  
n o t  m e a n i n g f u l .  

S o u r c e  3 ( F i g s .  21, 22, a n d  23). L o c a t e d  a l o n g  t h e  
V o l c a n o  h i g h w a y ,  i n  t h e  v i c i n i t y  of  Glenwood. The  s o u r c e  w a s  
g r o u n d e d  a t  b o t h  e n d s  t h r o u g h  h ighway  c u l v e r t s .  B e c a u s e  o f  
t h e  r e l a t i v e l y  h i g h  c u r r e n t  o b t a i n e d ,  a n d  b e c a u s e  o f  t h e  h i g h  
a p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d ,  a c o n s i d e r a b l e  a r ea  w a s  
c o v e r e d  by  t h i s  s o u r c e .  The mos t  i m p r e s s i v e  f e a t u r e  o f  t h e  
d a t a  f r o m  t h i s  s o u r c e  i s  t h e  g e n e r a l l y  h i g h  a p p a r e n t  r e s i s t i v i t y  
( F i g .  2 1 ) .  However ,  t h e r e  a p p e a r  t o  b e  b o u n d a r i e s  s e p a r a t i n g  
t h i s  a r e a  o f  h i g h  r e s i s t i v i t y  f r o m  a reas  o f  l o w e r  r e s i s t i v i t y  
i n  b o t h  d i r e c t i o n s ,  t o w a r d  K i l a u e a  c a l d e r a  and  t o w a r d  H i l o .  

A p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i o n  i f  d i s t a n c e  (Figs. 
22 a n d  23): The f i r s t  w a s  b a s e d  on  m e a s u r e m e n t s  i n  t h e  u p h i l l  
( s o u t h w e s t )  d i r e c t i o n .  T h e s e  d a t a  f o r m  a p a t t e r n  t h a t  c a n  
b e  i n t e r p r e t e d  a s  i n d i c a t i n g  t h e  p r e s e n c e  o f  a s u r f a c e  l a y e r  
w i t h  a r e s i s t i v i t y  of  a b o u t  700 ohm-m e x t e n d i n g  t o  a d e p t h  of 
a b o u t  3.2 km. T h i s  l a y e r  i s  p r o b a b l y  u n d e r l a i n  by m a t e r i a l  
w i t h  a r e s i s t i v i t y  o f  a b o u t  15 ohm-m, a l t h o u g h  e v e n  t h e  m e a s u r e -  
m e n t s  made a t  a d i s t a n c e  o f  1 0  km f r o m  t h e  s o u r c e  a r e  n o t  
f a r  enough  f r o m  t h e  s o u r c e  t o  p r o v i d e  a d e f i n i t i v e  v a l u e  
f o r  t h e  s e c o n d - l a y e r  r e s i s t i v i t y .  

M e a s u r e m e n t s  i n  t h e  d o w n h i l l  d i r e c t i o n  ( n o r t h e a s t ,  F i g .  
23) f r o m  t h i s  s o u r c e  show s i m i l a r  b e h a v i o r ,  e x c e p t  t h a t  t h e  
d e p t h  t o  c o n d u c t i v e  r o c k s  a p p e a r  t o  b e  g r e a t e r ,  i n  t h e  r a n g e  
f r o m  3.5 t o  4 km. I t  i s  p o s s i b l e  t h a t  no  c o n d u c t i v e  r o c k s  
u n d e r l i e  t h i s  a r e a  a n d  t h a t  t h e  d e c r e a s e  i n  a p p a r e n t  r e s i s t i -  
v i t y  w i t h  d i s t a n c e  r e p r e s e n t s  a l a t e r a l  c h a n g e  i n  r e s i s t i v i t y .  b' 
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. .  

\ \ 154°~7’30n 

F i g u r e  20, Apparen map about  
b i p o l e  s o u r c e  2 .  



Figure 21. Apparent resistivity map for measure- 
ments made from source 3. 

w 
03 
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0.2.  

F i g u r e  2 2 .  

LO 20 meters 

Apparent r e s i s t i v i t y  v a l u e s  
p l o t t e d  a s  a f u n c t i o n  o f  d i s t a n c e  
measured i n  t h e  d i r e c t i o n  toward 
K i l a u e a  Volcano from s o u r c e  3 .  
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Apparent res is t iv i ty .  ohm-meters 
lo00 

1 
Distance, kilometers 

t 

Ill 10 
Figure 23. Apparent resistivity as  a function 

of distance in the direction toward 
Hilo and Puna from source 3. 
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S o u r c e  4 ( F i g s .  25, and  2 6 ) .  L o c a t e d  on t h e  K a p a p a l a  
U 

Ranch ,  j u s t  o u t s i d e  t b o u n d a r i e s  o f  H a w a i i  V o l c a n o e s  N a t i o n a l  
P a r k .  T h i s  d i p o l e  w a s  a b o u t  e i g h t  km" l o n g .  It h a d  b e e n  
i n s t a l l e d  i n  1 9 6 9  as p a r t  o f  a n  e l e c t r o m a g n e t i c  s o u n d i n g  
s u r v e y  o v e r  t h e  summit o f  K i l a u e a  v o l c a n o  ( J a c k s o n  a n d  K e l l e r ,  
1 9 7 2 ) ;  f o r t u n a t e l y ,  t h e  h e a v y  c a b l e  c o n n e c t i n g  t h e  e l e c t r o d e s  
was s t i l l  i n  p l a c e .  The h i g h  c u r r e n t  o b t a i n e d  a n d  t h e  h i g h  
v a l u e s  o f  a p p a r e n t  r e s i s t i v i t y  m e a s u r e d  a l l o w e d  a l a r g e  
a rea  t o  b e  c o v e r e d  f r o m  t h i s  s o u r c e .  No p r o n o u n c e d  e l l i p t i c i t y  
i s  a p p a r e n t  i n  t h e  d a t a  ( F i g ,  2 4 ) ,  i n d i c a t i n g  t h a t  t h e  
b e h a v i o r  o f  t h e  a p p a r e n t  r e s i s t i v i t y  v u e s  i s  n o t  d o m i n a t e d  
by t h e  e f f e c t s  ,o f  h o r i z o n t a l  l a y e r i n g .  
f e a t u r e  o f  t h e  map i s  a r a p i d  g r a d i e n t ' i n  s i s t i v i t y  t o w a r d  
t h e  s o u t h w e s t  r i f t  o f  K i l a u e a .  T h i s  g r a d i  t i s  p r o b a b l y  c a u s e d  
by a f a u l t - l i k e  c h a n g e  i n  r e s i s t i v i t y ,  w i t h  t h e  l i n e  o f  
d e l i n e a t i o n  f o l l o w i n g  t h e  n o r t h e r n  e d g e  of  K i l a u e a  c a l d e r a  
and  c o n n e c t i n g  w i t h  t h e  b o u n d a r y  of a s i m i l a r  z o n e  s e e n  f r o m  

r e s i s t i v i t y  e x t e n d i n g  s o u t h w a r d  f r o m  Halemaumau t h a t  i s  p r o b -  
a b l y  a s s o c i a t e d  w i t h < t h e  g e o t h e r m a l  s y s t e m  b e n e a t h  K i l a u e a  
summi t .  The  v a l u e s  of  a p p a r e n t  r e s i s t i v i t y  i n  t h e  v i c i n i t y  
o f  K i l a u e a  c a l d e r a  s e e n  f r o m  s o  ce 4 a r e  so  w h a t  h i g h e r  
t h a n  t h o s e  s e e n  f r o m  s o u r c e  1. h e  d i f f e r e n  i s  p r o b a b l y  
c a u s e d  by t h e  g r e a t e r  d i  a t  w h i c h  m e a s u r e m e n t s  were 
made u s i n g  s o u r c e  4, s o  h e  i n f l u e n c e  o f  r e s i s t i v e  b a s e -  
ment  r o c k s  i s  g r e a t e r  f o  r c e  4 meas 

* 

The p r i n c i p a l  

. s o u r c e  3 a t  Glenwood. T h e r e  is a n  a r ea  of  m o d e r a t e l y  low 

A p p a r e n t  r es i s  t i v i t  u n c t i o n  o f  d i s t a n c e  ( F i g .  
25 a n d  2 6 ) :  F i g u r e  25 i o n l y  t h e  v a l u e s  of  a p p a r e n t  
r e s i s t i v i t y  m e a s u r e d  a l o  l o p e s  o f  Mauna L o a ,  e x t e n d i n g  
s o u t h w e s t .  A l s o  v a l u e s  i n  e x c e s s  o f  1 0 0 0  ohm-m a r e  n o t  i n c l u d e d ;  
many o f  t h e s e  v a l u e s  were c a u s e d  by  l e a k a g e  o f  c u r r e n t  a l o n g  
water p i p e  l i n e s  o n  t h e  K a p a p a l a  R a n c h . '  The  b e h a v i o r  o f  t h e  
v a l u e s  u s e d  i n  c a t e s  t h a t  r e s i s t i  decreases  g r a d u a l l y  

of  a b o u t  30 t o  m a t  d e p t h s  
000 ohm-m i n  r f a c e  t o  v a l u e s  

K i l a u e a  V o l  s o u t h e a s t  f r o m  t h e  
s o u r c e ,  ( F i g .  2 6 )  show a r a p i  d e c r e a s e  i n  a p p a r e n t  r e s i s t i v i t y  
a t  d i s t a n c e s  up  t o  4 km. The  r a t e  o f  c h a n g e  i s  t o o  r a p i d  t o  
b e  a f a u l t - l i k  o n t a c t  a t  3. -km d i s t a n c e  m s o u r c e  4. 
M e a s u r e m e n t s  a i s t a n c e s  beyond  3 .3  km s h o  p r o p o r t i o n a l  
i n c r e a s e  o f  a p p a r e n t  res is  t y  w i t h  d i s t a n c e . .  T h i s  b e h a v i o r  
p r o b a b l y  r e p r e s e n  o f  r e s i s t i v e  b a s e m e n t  r o c k .  

r e s i s t i v i t  ove t h i s  l e v e l  i s  . 1 0  ohm-my 
t h  t o  b a s e m e n t  

a p p r o x i m a t e l y  2 . 5  .km. 



42 

i 

Figure 24. Apparent resistivity map f o r  measure- 
ments made from source 4. 
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10 
Distance , ki lome te rs 

F i g u r e  2 5 .  Ap n t  r e s i s t i v i t y  a s  a f u n c t i o n  
o f  d i s t a n c e  toward Pahala  from s o u r c e  4. 
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' .  

10 
0.1 ' Distance, kilometers 

F i g u r e  2 6 .  Apparent r e s i s t i v i t y  a s  a f u n c t i o n  
o f  d i s t a n c e  from s o u r c e  4. 
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b-, S o u r c e  5 ( F i g s .  2 7 ,  2 8 ,  a n d  2 9 ) .  L o c a t e d  a l o n g  t h e  r o a d  
f r o m  Keaau  t o  P a h o a .  Metal  p o s t s  a l o n g  t h e  r o a d  were u s e d  
f o r  g r o u n d s .  The a p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  f rom t h i s  
s o u r c e  a r e  shown o n  F i g u r e  2 7 .  The r e s i s t i v i t i e s  m e a s u r e d  f r o m  
t h i s  s o u r c e  were g e n e r a l l y  l o w ,  a b o u t  1 0  ohm-m, ' excep t  f o r  t h o s e  
v a l u e s  m e a s u r e d  i n  t h e  d i r e c t i o n  o f  M o u n t a i n  V i e w  t o w a r d  t h e  
w e s t .  Here, r e s i s t i v i t i e s  a b o v e  40 ohm-m were m e a s u r e d  a t  
d i s t a n c e s  e v e n  g r e a t e r  thBn 6 km f r o m  t h e  s o u r c e .  T h e s e  h i g h  
v a l u e s  p r o b a b l y  r e p r e s e n t  t h e  p r e s e n c e  o f  t h e  same h i g h  
r e s i s t i v i t y  mass s e e n  f r o m  s o u r c e  3 .  A f ew low v a l u e s  were 
o b s e r v e d  i n  t h e  d i r e c t i o n  o f  P a h a a ,  b u t  t h e s e  v a l u e s  may 
n o t  b e  r e l i a b l e .  Some o f  t h e  o t h e r  s o u r c e s  i n d i c a t e  a 
r e s i s t a n t  r e g i o n  n e a r  t h e  l o c a t i o n s  w h e r e  t h e s e  l o w  v a l u e s  
were o b s e r v e d ,  a n d  i t  i s ' l i k e l y  t h a t  t h e  low s e e n  h e r e  i s  a n  
e x a m p l e  o f  .an e r r o n e o u s l y  low r e s i s t i v i t y  m e a s u r e d  on  t h e  s i d e  
o f  a h i g h  r e s i s t i v i t y  b o u n d a r y  f a c i n g  t h e  s o u r c e .  The v e r y  
h i g h  v a l u e s  o f  r e s i s t i v i t y  m e a s u r e d  a l o n g  t h e  Keaau-Pahoa 
r o a d  a n d  t h e  V o l c a n o  h ighway  a r e  c a u s e d  by a g r o u n d e d  n e u t r a l  
l i n e  o n  t h e  power  d i s t r i b u t i o n  s y s t e m .  

A p p a r e n t  r e s i s t i v i t y  as a f u n c t i o n  o f  d i s t a n c e  ( F i g s .  
28  a n d  2 9 ) :  The d a t a  i n  F i g u r e  28 w e r e  m e a s u r e d  a t  s t a t i o n s  
t o  t h e  n o r t h  a n d  s e a w a r d  f r o m  t h e  s o u r c e .  T h e s e  d a t a  i n d i c a t e  
a s u r f a c e  l a y e r  w i t h  a r e s i s t i v i t y  o f  s eve ra l  h u n d r e d  ohm-m 

t o  a d e p t h  o f  400 t o  500 m .  T h i s  i s  u n d e r l a i n  by 
a r e s i s t i v i t y  o f  7 t o  8 ohm-m e x t e n d i n g  t o  a d e p t h  

o f  a p p r o x i m a t e l y  2000  m. Rock a t  g r e a t e r  d e p t h  a p p e a r s  t o  
h a v e  a h i g h  r e s i s t i v i  

I n  F i g u r e  2 9 ,  d a  f r o m  s t a t i o n s  t b  t h e  s o  
s o u r c e  a n d  u p h i l l  show b e h a v i o r  i s  s imi l a r  t o  t h a t  e x h i b i t e d  
by  t h e  d a t a  i n  F i g u r e  2 8  b u t  t h e  c o n d u c t i v e  l a y e r  a p p e a r s  t o  
l i e  a t  a s h a l l o w e r  d e p t h .  o f  a p p r o x i m a t e l y  1 . 7  km. 

1 S o u r c e  6 ( F i g s .  30 a n d  3 1 ) .  L o c a t e d  a l o n g  t h e  E s c a p e  
Road ,  w h i c h  p a r a l l e l s  t h e  u p p e r  e a s t  r i f t  of  K i l a u e a  w i t h i n  
t h e  H a w a i i  V o l c a n o e s  N a t i o n a l  a r k .  I t  w a s  l o c a t e d  t o  e x a m i n e  
t h e  p o s s i b l e  e x t e n s i o n  o f  t h e  ow r e s i s t i v i t y  a r ea  u n d e r  

ea c r a t e r  t o  t h e  e a s t  n e a r  K i l a u e a  I k i  o r  a l o n g  t h e  
r i f t .  Ground c o n t a c t s  were made t h r o u g h  l e n g t h s  o f  
d p i p e ,  b u t  g r o u n d i n g  r e s i s t a n c e  w a s  v e r y  h i g h .  On ly  

l i m i t e d  m e a s u r e m e n t s  c o u l d  b e  made f r o m  t h i s  s o u r c e  ( F i g .  30). 
A s t r o n g  e l l i p t i c a l  p a t t e r n  f o r  t h e  r e s i s t i v i t y  c o n t o u r s  i s  
a p p a r e n t .  No p a r t i c u l a r l y  low r e s i s t i v i t y  v a l u e s  were meas 
i n  t h e  t a r g e t  a r  s f o r  t h i s  d i p o l e .  

A p l o t  o f  a p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i  o f  d i s t a n c e  
i s  shown i n  F i g u r e  31. T h e s e  d a t a  i n d i c a t e  a h i g h  s u r f a c e  

-w 



. 

--------- 

F i g u r e  2 7 .  Apparent r e s i s t i v i t y  v a l u e s  measured I 

from s o u r c e  5 ,  l o c a t e d  on t h e  road 
from Keaau t o  Pahoa. 



< 

Amarcn t r e d s  t i v i  t y ,  ohm-ne ters 

10 1 ms t nee, ki ~ome t e rs 

I F i g u r e  2 8 .  Apparent r e s i s t i v i t y  as  a f u n c t i o n  
of d i s t a n c e  seaward from s o u r c e  5 .  



48 

Apparent resistivity,  ohm-meters 
100 

10 

-- - -  
0.3 Mstance. kilometers 

1 

F i g u r e  2 9 .  Apparent r e s i s t i v i t y  v a l u e s  a s  a 
f u n c t i o n  o f  d i s t a n c e  u p h i l l  from 
s o u r c e  5 .  

I 
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1 

\ 
165*16' \ 

Apparent resistivity map measured 
from source 6, 
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10 D i s t a n c e ,  ohm-meters 100.2 

F i g u r e  31 .  Apparent r e s i s t i v i t i e s  p l a t t e d  a s  
a f u n c t i o n  o f  d i s t a n c e  from s o u r c e  
6 .  

0 
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r e s i s t i v i t y ,  g r e a t e r  t h a n  s eve ra l  t h o u s a n d  ohm-m, p r o b a b l y  
e x t e n d i n g  t o  a d e p t h  o f  1 .0  t o  1 . 3  km. The  r e s i s t i v i t y  a t  
g r e a t e r  d e p t h s  i s  p r o b a b l y  b e t w e e n  10 a n d  2 0  ohm-m, b u t  
m e a s u r e m e n t s  c o u l d  n o t  b e  made a t  a g r e a t  enough  d i s t a n c e  t o  
p r o t i d e  a d e f i n i t i v e  v a l u e .  

S o u r c e  7 ( F i g s .  3 2 ,  33 a n d  3 4 ) .  L o c a t i o n  o n  t h e  sea- 
ward  s i d e  o f  t h e  ea s t  r i f t  z o n e  o f  K i l a u e a ,  j u s t  o f f  t h e  
r o a d  c o n n e c t i n g  P a h o a  a n d  P o h o i k i  ( F i g .  32). One g r o u n d  c o n -  
t a c t  w a s  t h e  c a s i n g  a water  w e l l  on  t h e  U n i v e r s i t y  o f  H a w a i i  
A g r i c u l t u r a l  Expe r im t S f a t i o n ;  t h e  o t h e r  w a s  l e n g t h s  of 
p i p e  b u r i e d  i n  t h e  g r o u n d .  Low r e s i s t i v i t i e s  were m e a s u r e d  
a l o n g  t h e  s e a w a r d  s i d e  o f  t he  r i f t ,  w h i l e  h i g h e r  r e s i s t i v i t i e s  
were m e a s u r e d  a b o u t  Kapoho c o n e  a n d  on  t h e  u p h i l l  s i d e  of t h e  
r i f t ,  p a r t i c u l a r l y  u p r i f t  f r o m  a n  o f f s e t  o f  t h e  s u r f a c e  
e x p r e s s i o n  o f  t h e  r i f t  t h a t  i s  a p p a r e n t  i n  t h e  v i c i n i t y  of 
t h e  r e c e n t l y  d r i l l e d  g e o t h e r m a l - h o l e ,  HGP-A. 

A p p a r e n  s a re  p l o t t e d  a s  a f u n c t i o n  of 
d i s t a n c e  o n  r e  3 3 ,  w h i c h  shows d a t a  o b t a i n e d  a l o n g  t h e  
l o w e r  ( n o r t h e a s t )  p a r t  o f  t h e  e a s t  r i f t  a r o u n d  Kapoho c r a t e r ,  
and  F i g u r e  3 4 ,  w h i c h  shows d a t a  o b t a i n e d  n t h e .  u p r i f  t ( s o u t h -  
w e s t )  d i r e c t i o n .  The p l o t s  a re  s i m i l a r  t d i f f e r  f r o m  mos t  
o f  t h e  p r e c e e d i n g  cases  i n  t h a t  n o  h i g h  r e s i s t i v i t y  s u r f a c e  
l a y e r  is r e c o g n i z e  i s  i s  p r o b a b l y  a c o n s e q u e n c e  o f  t h e  
l o w  e l e v a t i o n  o f  t e m e a s u r e m e n t s .  The  d o w n r i f t  d a t a  ( F i g .  
33 )  i n d i c a t e  a . s u r f a c e  l a y e r  w i t h  a r e s i s t i v i t y  o f  a p p r o x i m a t e l y  
2 0  ohm-m e x t e n d i n g  t o  a d e p t h  of a b o u t  600 m .  T h i s  z o n e  i s  
u n d e r l a i n  by r o c k  w i t h  a r e s i s t i  f a b o u t  8 ohm-m e x t e n d -  

H i l o - s i d e  

c o i n c i d e  w 

. . -  
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F i g u r e  3 2 .  Apparent r e s i s t i v i t i e s  measured 
about  s o u r c e  7 .  
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0.2 Distance, kilometers 10 

Apparent r e s i s t i v i t y  p l o t t e d  a6 
n c t i o n  o f  distan downr i f t from 
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0.2 ' Distance. kilometers 

ADDdrent resistivity. ohm-meters 

Figure 3 4 .  Apparent resistivity as a function 
of distance uprift from source 7. 
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Figure 35. Apparent resistivities measured 
about source 8. 
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F i g u r e  3 6 .  Apparent r e s i s t i v i t y  as  a f u n c t i o n  
o f  d i s t q n c e  from s o u r c e  8 .  
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A p p a r e n t  r e s i s t i v i t y  v a l u e s  m e a s u r e d  f r o m  s o u r c e  8 
a re  p l o t t e d  a s  a f u n c t i o n  o f  d i s t a n c e  on  F i g u r e  36. A 
t h i n  h i g h - r e s i s t i v i t y  l a y e r  is i n d $ c a t e d \ a t  t h e  s u r f a c e ,  
w i t h  a r e s i s t i v i t y  o f  s e v e r a l  h u n d r e d  ohm-m, e x t e n d i n g  t o  a 
d e p t h  o f  a b o u t  300 m. The r e s i s t i v i t y  b e n e a t h  t h i s  l a y e r  
a p p e a r s  t o  b e  a p p r o x i m a t e l y  6 ohm-m, and  i t  e x t e n d s  t o  a 
d e p t h  o f  a b o u t  1 . 6  t o  1 .8  km. Mater ia l  a t  g r e a t e r  d e p t h s  
h a s  a h i g h e r  r e s i s t i v i t y .  

S o u r c e  9 ( F i g .  37). L o c a t e d  a l o n g  a b a c k  r o a d  p a r a l l e l -  
i n g  t h e  ea s t  r i f t  o f  K i l a u e a  s e v e r a l  k i l o m e t e r s  i n l a n d  f r o m  
K a l a p a n a .  B u r i e d  p i p e  w a s  u s e d  f o r  g r o u n d  c o n t a c t s  a t  b o t h  
e n d s  o f  t h e  s o u r c e ,  and  o n l y  l i m i t e d  c u r r e n t  c o u l d  b e  
o b t a i n e d .  T h i s  s o u r c e  w a s  l o c a t e d  t o  i n v e s t i g a t e  t h e  low 
r e s i s t i v i t y  z o n e  s o u t  s o u r c e ' 2  f r o m  o u t s i d e  t h e  low 
r e s i s t i v i t y  z o n e  ( F i g  . I f igh  r e s i s t i v i t i e s  were mea- 
s u r e d  f rom t h e  s o u t h w  nd o f  t h i s  s o u r c e ;  t h e  b o u n d a r y  
t o  t h e  l o w  r e s i s t i v i t y  a t h a t  w a s  t h e  t a r g e t  f o r  t h i s  
s o u r c e  a p p e a r s  t o  l i e  a l o n g  t h e  Kaimu-Pahoa r o a d .  N o  p l o t  
o f  t h e  a p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i o n  o f  d i s t a n c e  is 
i n c l u d e d  b e c a u s e  o t h e  s t r o n g  l a t e r a l  c h a n g e s  i n  r e s i s t i v i t y  
a p p a r e n t  f r o m  t h e s  

S o u r c e  1 0  ( F i g  L o c a t e d  a l o n g ' t h e  Kaimu-Pohoik i  
c o a s t a l  r o a d ,  w i t h  e l e c t r o d e ' s  p l a c e d  in t i d a l  ponds  a l o n g  
t h e  s h o r e .  The  sea h a s  a p r o f o u n d  e f f e c t  on  t h e  m e a s u r e m e n t s  
a s  s e e n  by t h e  low v a l u e s  o f  a p p a r e n t  r e s i s t i v i t y .  The 
i n t e n t  o f  t h i s  s o u r c e  was t o  l o c a t e  t h e  s e a w a r d  b o u n d a r y  o f  
t h e  low r e s i s t i v i t y  zone  r e c o g n i z e d  i n  t h i s  a r e a  f rom s o u r c e s  
2 and  9 ,  h o w e v e r ,  t h e  low v a l u e s  m u s t  b e  v i ewed  w i t h  s u s p i -  
c i o n  b e c a u s e  o f  t h e  e f f e c t  o f  t h e  sea. N e v e r t h e l e s s ,  t h e  
p r e s e n c e  o f  a low r e s i  i t y  z o n e  i n l a n d  f r o m  t h e  c o a s t  

, seems t o  b e  v e r i f i e d .  

B e c a u s e  of t h e  d i s t o r t i o n  o f  t h e  c u r r e n t  f i e l d  c a u s e d  
p l o t  o f  a p p a r e n t  r e s i s t i v i t y  
is S n c l u d e d .  

. L o c a t e d  j u s t  o u t s i d e  t h e  
n o r t h  e n t r a n q e  o f  H a w a i i .  V o l c a n o e s  N a t i o n a l  P a r k  i n  a 
p o s s i b l e  a rea  o f  low r e s i s t i v i t y  i n  t h e  v i c i n i t y  of K i l a u e a  
I k i  and  t h e  u p p e r  e a s t  r i f t  o f  K i l a u e a  v o l c a n o .  C o n t a c t s  
were made t h r o u g h  b u r i e d  l e n g t h s  of p i p e .  Only  a s m a l l  
amount  o f  c u r r e n t  was o b t a i n e d ,  w h i c h  l i m i t e d  t h e  a r e a l  
c o v e r a g e .  H igh  r e s ' i s t i v i t i e s  were o b s e r v e d  n e a r  t h e  s o u r c e .  
T h e r e  is a r a p i d  g r a d  e n t  i n  r e s i s t i v i t y  i n  g o i n g  i n t o  t h e  
K i l a u e a  c a l d e r a  a rea ,  as had  b e e n  no ' ted i n  m e a s u r e m e n t s  
f r o m  s o u r c e s  3 and  4. No p a r t i c u l a r l y  low v a l u e s  were n o t e d  
a r o u n d  K i l a u e a  I k i  or a l o n g  t h e  t ipper  e a s t  r i f t .  

A p p a r e n t  r e s i s t i v i t i e s  as  a f u n c t i o n  o f  d i b t a n c e  f r o m  
t h e  s o u r c e  ( F i g .  40): The b e h a v i o r  i s  s i m i l a r  t o  t h a t  s e e n  
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F i g u r e  3 7 .  Apparent r e s i s t i v i t i e s  measured 
from b i p o l e  s o u r c e  9 .  
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F i g u r e  3 9 .  Apparent r e s i s t i v i t i e s  measured 
from s o u r c e  11 .  
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f r o m  s o u r c e  6 .  S u r f a c e  r o c k s  h a v e  a h i g h  r e s i s t i v i t y ,  
g r e a t e r  t h a n  1 0 0 0  ohm-m, t o  a d e p t h  o f  a b o u t  1 .5  km.' 
T h e s e  a r e  u n d e r l a i n  by r o c k s  w i t h  a r e s i s t i v i t y  o f  a b o u t  
10  t o  2 0  ohm-m, b u t  m e a s u r e m e n t s  c o u l d  n o t  b e  made a t  
g r e a t  e n o u g h  d i s t a n c e s  t o  p r o v i d e  a d e f i n i t i v e  v a l u e  f o r  
t h e  r e s i s t i v i t y  a t  d e p t h .  

. 

S o u r c e  1 2  ( F i g s .  4 1  a n d  42). L o c a t e d  s eve ra l  k i l o m e t e r s  
i n l a n d  f r o m  t h e  Keaau-Pahoa r o a d .  B u r i e d  p i p e s  were u s e d  
f o r  e l e c t r o d e s ,  a n d  o n l y  l i m i t e d  c u r r e n t  c o u l d  b e  o b t a i n e d .  

A p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  f r o m  t h e  s o u r c e  
( F i g .  41): The a p p a r e n t  r e s i s t i v i t y  v a l u e s  are  g e n e r a l l y  
h i g h ,  c o n f i r m i n g  t h a t  t h e  h i g h - r e s i s t i v i t y  r e g i o n  f i r s t  
mapped i n  t h e  v i c i n i t y  o f  Glenwood c o n t i n u e s  d o w n h i l l  t o w a r d  
t h e  e a s t  r i f t .  R e s i s t i v i t y  v a l u e s  d r o p  r a p i d l y  t o w a r d  t h e  
n o r t h ,  a n d  a g r e e  w i t h  v a l u e s  m e a s u r e d  f r o m  o t h e r  s o u r c e s  
f o r  t h e  area n o r t h  o f  t h e  Keaau-Pahoa r o a d .  

The a p p a r e n t  r e s i s t i v i t y  as  a f u n c t i o n  o f  t h e  d i s t a n c e  
f r o m  t h e  s o u r c e  ( F i g .  42): T h e s e  d a t a  may i n d i c a t e  t h e  
p r e s e n c e  o f  a h i g h  r e s i s t i v i t y  s u r f a c e  l a y e r  c o v e r i n g  
c o n d u c t i v e  r o c k  a t  d e p t h .  I n  s u c h  a case ,  t h e  s u r f a c e  l a y e r  
i s  s e e n  t o  h a v e  a r e s i s t i v i t y  o f  a b o u t  2000 ohm-m, a n d  t o  
e x t e n d  t o  a d e p t h  o f  a p p r o x i m a t e l y  600  m.  The  r o c k  a t  
d e p t h  p r o b a b l y  h a s  a r e s i s t i v i t y  o f  6 t o  8 ohm-m. A l t e r -  
n a t e l y ,  t h e  r a p i d  d e c r e a s e  o f  r e s i s t i v i t y  w i t h  d i s t a n c e  may 
i n d i c a t e  t h a t  t h e  c h a n g e  i s  c a u s e d  by  a l a t e r a l  d e c r e a s e  
i n  r e s i s t i v i t y ,  r a t h e r  t h a n  by l a y e r i n g .  

S o u r c e  13 ( F i g s .  43 a n d  44). L o c a t e d  j u s t  n o r t h  of 
t h e  e a s t  r i f t  o f  K i l a u e a  ( F i g .  4 3 ) ,  i n  a n  a r ea  w h e r e  ano-  
m a l o u s l y  l o w  r e s i s t i v i t y  v a l u e s  h a d  b e e n  o b t a i n e d  f r o m  o t h e r  
s o u r c e s .  Such  a p l a c e m e n t  o f  t h e  s o u r c e  l e a d s  t o  p r o b l e m s  
i n  d e t e r m i n i n g  t h e  r e s i s t i v i t y  o u t s i d e  t h e  a r e a  o f  l ow 
r e s i s t i v i t y ,  b u t  i t  d o e s  a l l o w  a more  a c c u r a t e  d e t e r m i n a -  
t i o n  o f  r e s i s t i v i t y  w i t h i n  t h e  a rea .  

A p p a r e n t  r e s i s t i v i t y  a s  a f u n c t i o n  o f  t h e  d i s t a n c e  f r o m  
t h e  s o u r c e  ( F i g .  43): The d a t a  i n d i c a t e s  r e s i s t i v i t i e s  
g e n e r a l l y  b e l o w  5 ohm-m, a n d  t h e r e  i s  a s m a l l  a r ea  w i t h ,  
r e s i s t i v i t i e s  o f  a p p r o x i m a t e l y  2 ohm-m. 

- 
A p p a r e n t  r e s i s t i v i t y  as a f u n c t i o n  o f  t h e  d i s t a n c e  f r o m  

t h e  s o u r c e  ( F i g .  44): Some o f  t h e  a n o m a l o u s l y  l o w  v a l u e s  
a r e  n o t  i n c l u d e d  o n  t h i s  p l o t .  The  d a t a  i n d i c a t e  t h e  p r e s e n c e  
o f  a s u r f a c e  l a y e r  w i t h  a r e s i s t i v i t y  o f  a p p o x i m a t e l y  1 0  ohm-m, 
t o  a d e p t h  of  a b o u t  700 m.  T h i s  l a y e r  i s  u n d e r l a i n  by r o c k  
w i t h  a r e s i s t i v i t y  o f  3 . 5  t o  4 ohm-m, e x t e n d i n g  t o  a d e p t h  o f  
2.0 t o  2.5 km. Ma te r i a l  a t  g r e a t e r  d e p t h s  i s  more  r e s i s t a n t .  G 
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Figure 4 2 .  Apparent resistivities as a function 
of the distance from source 12. 
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F i g u r e  4 3 .  Apparent r e s i s t i v i t i e s  measured 
about  s o u r c e  1 3 .  
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F i g u r e  44. Apparent r e s i s t i v i t i e s  a s  a f u n c t i o n  
o f - d i s t a n c e  from s o u r c e  1 3 .  
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,u Source 14 (Fig. 45). Located on the north side of 
Hawaii Island along the Kamuela-Kawaihae road, in the South 
Kohala district. This source was set up to evaluate the 
practicality of making dipole resistivity measurements on 
the dry side of the island, and to examine the possible 
existence of a geothermal reservoir supplying warm water 
(about 2 7 O C ,  Dept. Land and Natural Resources, 1970) found 
in an abandoned water well. One end of the source was 
grounded to the casing of that water.wel1, which is located 
along the edge of the Kawaihae-Kamuela road at an elevation 
of 305 m. The other end of the source was grounded to a 
metal road culvert. Excellent ground contact was obtained, 
and from this experience, it is concluded that it is probably 
easier to make dipole surveys on the Kona and Kohala sides 
of Hawaii than on the Kilauea side. The older, weathered 
volcanic rocks on the Kona side provide far better ground 
contacts than the fresh young volcanic rocks on the Kilauea 
side. 

Apparent resistivity measured from the source (Fig. 45): 
The values are relatively low compared with many of the values 
measured over the Kilauea shield. The very low resistivities 
measured along the coast near Kawaihae, probably reflect 
intrusion of salt water into the volcanic rocks near the 
surface. Measurements made inland from source 14 show 
moderately low resistivities. Measurements were insufficient 
to determine if areas of anomalously low resistivity might 
be present. 

RESULTS FROM RESISTIVITY SECTIONING SURVEYS 

The,resistivity sectioning technique used here was the 
pole-dipole met ; other methods that might have been used 
equally well ar he dipole-dipole and Schlumberger section- 
ing methods. T pole-dipole technique was chosen because 
it required no change in instrumentaiton and virtually no 
change in field procedures. A bipole source 2 km long was 

electric field component in line with the bipole 
measured a intervals of 100 m along a traverse 
rom either nd of the bipole source, from a closest 

distance of 150 m to farthest distance of 1250 m. 
of apparent resistivity wer computed exactly the sa 
for the dipole mapping resu 
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The  term " r e s i s t i v i t y  s e c t i o n i n g "  a r i s e s  b e c a u s e  o f  t h e  
manner  i n  w h i c h  t h e  r e s u l t s  f r o m  s u c h  s u r v e y s  a r e  p r e s e n t e d .  
A s e c t i o n  i s  p r e p a r e d  u s i n g  t h e  h o r i z o n t a l  l o c a t i o n  o f  a 
m e a s u r e m e n t  as t h e  h o r i z o n t a l  p o s i t i o n  a t  w h i c h  a v a l u e  is 
p l o t t e d ,  and  u s i n g  t h e  d i s t a n c e  f r o m  t h e  e n d ,  o r  " p o l e " ,  o f  
t h e  s o u r c e  a s  a v e r t i c a l  c o o r d i n a t e .  The  p u r p o s e  i s  t o  s u g -  
g e s t  t h a t  t h e  d i s t a n c e  t h a t  a m e a s u r e m e n t  i s  made f r o m  a p o l e  
i s  e q u i v a l e n t  t o  t h e  d e p t h  a t  w h i c h  t h e  r e s i s t i v i t y  i s  
d e t e r m i n e d .  T h i s  i s  n o t  p r e c i s e l y  t r u e ,  b u t  t h e  r e s u l t i n g  
p r e s e n t a t i o n  r e s e m b l e s  a r e s i s t i v i t y - v e r s u s - d e p t h  s e c t i o n  
i n  many r e s p e c t s .  

R e s i s t i v i t y  s e c t i o n i n g  was d o n e  a l o n g  t h e  r o a d  f r o m  
Pahoa  t o  Kaimu, a n d  a l o n g  t h e  n o r t h  s i d e  o f  t h e  eas t  r i f t  
n e a r  Kapoho c r a t e r .  The  l o c a t i o n s  a r e  shown on  F i g u r e  46 .  
The r e s i s t i v i t y  s e c t i o n s  a re  shown on  F i g u r e  4 7 .  

The  r e s i s t i v i t y  s e c t i o n i n g  a l o n g  t h e  Pahoa-Kaimu r o a d  
shows t h e  p r e s e n c e  of  a n a r r o w  zone  o f  l ow r e s i s t i v i t y  i n  t h e  
v i c i n i t y  of t h e  g e o t h e r m a l  w e l l  d r i l l e d  i n  t h e  e a r l y  1960's 
( n e a r  1s o r  2N; F i g s .  46  a n d  4 7 ) .  T h i s  i s  w h e r e  t h e  s u r f a c e  
t r a c e  o f  t h e  e a s t  r i f t  c r o s s e s  t h e  Pahoa-Kaimu r o a d .  The  
l o w e s t  v a l u e s  o f  r e s i s t i v i t y  are somewhat l e s s  t h a n  25  ohm-ut, 
n o t  as low as t h e  l o w e s t  v a l u e s  s e e n  w i t h  t h e  d i p o l e  mapp ing  
s u r v e y  i n  t h i s  a rea .  However,  t h e  r e s i s t i v i t y  s e c t i o n i n g  
s u r v e y  p r o v i d e s  c o n s i d e r a b l y  less  p e n e t r a t i o n  t h a n  d o e s  
t h e  d i p o l e  mapp ing  s u r v e y .  Wi th  a maximum s p a c i n g  o f  1 2 5 0  m ,  
t h e  a p p a r e n t  r e s i s t i v i t i e s  m e a s u r e d  h e r e  a r e  r e l a t e d  p r i m a r i l y  
t o  r o c k s  w i t h i n  t h e  f i r s t  600 m o f  t h e  s u r f a c e .  

A s i n g l e  s e t u p  w a s  u s e d  t o  o b t a i n  s e c t i o n i n g  d a t a  a t  
l o c a t i o n s  o f f s e t  s e a w a r d  f rom t h e  low r e s i s t i v i t y  z o n e  s e e n  
o n  t h e  Pahoa-Kaimu s e c t i o n  (see p o i n t  5 ,  on F i g .  47).  Lower 
r e s i s t i v i t i e s ,  n e a r  5 ohm-m, were o b s e r v e d  a t  t h e  l a r g e r  o f f -  
s e t  d i s t a n c e s .  It a p p e a r s  t h a t  d e p t h  t o  c o n d u c t i v e  rock at 
t h i s  l o c a t i o n  i s  o n l y  a b o u t  600 m.  ' 

Even l o w e r  a p p a r e n t  r e s i s t i v i t i e s  were m e a s u r e d  a l o n g  
t h e  s e c t i o n  b y  Kapohb c r a t e r  ( l o c a t i o n s ' 4  a n d  6 ,  F i g .  4 7 ) .  
The l o w e s t  r e s i s t i v i t i e s  were r e c o r d e d  f r o m  t h e  n o r t h  e n d  
o f ' s e t u p  6 ,  w i t h  a p p a r e n t  r e s i s t i v i t i e s  o f  5 ohm-m o r  less 
r e c o r d e d  f o r  a l l  s p a c i n g s  beyond 450 m. This i n d i c a t e s  t h a t  

. t h e  s u r f a c e  l a y e r  o f  h i g h - r e s i s t i v i t y  is o n l y  a f ew t e n s  o f -  
meters t h i c k  a t  m o s t ,  a n d  t h a t  a t  d e p t h s  beyond  1 0 0 0  m a  t h e  
r e s i s t i v i t y  i s  p r o b a b l y  l e s s  t h a n  2 ohm-m. 

D i s c u s s i o n  I 

The m a i n  f e a t u r e s  o f  t h e  i n d i v i d u a l  d i p o l e  r e s i s t i v i t y  
maps a r e  summar ized  on  F i g u r e  48 .  The most  p r o m i n e n t  f e a t u r e  -u 
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id 
is the contrast between the areas underlain by high resisti- 
vity material to the north of Kilauea caldera and extending . 
into the Puna area east of Mountain View and reaching into 
the vicinity of Pahoa, and the surrounding areas of lower 
resistivity. This high resistivity zone coincides geographi- 
cally with the eastward extension of the northeast rift 
zone of Mauna Loa under the recent Kilauea lavas; it is 
reasonable to assume that these high resistivities are assoc- 
iated with a Mauna Loa dike complex, 

. 

This high resistivity area is not of interest of explor- 
.ation for a geothermal reservoir. A geothermal reservoir 
utilizeable for electric power generation would be character- 
ized by a relgtively high porosity and a temperature in 
excess of 180 C .  Both factors will cause lower resistivity 
in rocks than might otherwise be the case. Thus, in prospec- 
ting for a geothermal reservoir, we search for a region 
with diagnostically low values of electrical resistivity. 

The electrical resistivity of a water-bearing rock is 
determined by the amount of the water contained in the pore 
spaces of the rock, the resistivity of the water, and to some 
extent, the way in which the water is distributed through the 
rock. The relationships between these parameters has been 
determined experimentally for many types of rocks (Keller and 
Frischknecht, 1966; Keller, 1970; Keller and Rapolla, 1974). 
The results are shown graphically in Figure 49. For -a 
specific rock type, and over a limited range in porosity, 
relationships such as those shown in Figure 49 can be 
described by the expression: 

F =  PIPw a 0 -m 

where F is defined as the resistivity formation factor of a 
rock, p is the bulk resistivity of a rock completely saturated 
with water having a resistivity pw, d is the volume fraction 
of the pore water (the porosity if the rock is fully saturated), 
and a and m are experimentally determined parameters. These 
parameters, a and m, are determined by making measurements 
of resistivity, water resistivity, and water content on many 
small rock samples, and then fitting such an algebraic rela- 
tionship to the data. Such a procedure has been employed 
for a number of samples of Kilauea flows on the surface (Fig. 
S O ) .  The large scatter is typical of porosity and resistivity 
determinations made on small samples, with volumes of 10’to 
20 cc. It is generally assumed that if measurements could 

tions in pore geometry would average out and the scatter 
be made on large enough samples, then the statistical varia- L< 



. 

75 

. r  

POROSITY FRACTION 

I 

0.1 

QOI 
I _  I '  

I 

ROCK RESIST /WATER RESISTIVITY 
L 

and its water 



76 

POROSITY 
I .c 

0. I 

0.01 

0.001 

\ 

\ 
0 - I  \ 

ROCK RESISTIVITY/ WATER RESISTIVITY 

F i g u r e  5 0 .  R e l a t i o n  between format ion  f a c t o r  
and amount o f  w a t e r - f i l l e d  p o r o s i t y  
f o r  b a s a l t  samples  from Hawai i .  

TEMPERATURE O C  

F i g u r e  5 1 .  R e l a t i o n s h i p  between t h e  e l e c t r i c a l  
r e s i s t i v i t y  o f  s e a  water  and temperature .  



77 

would be reduced. Here, it is assumed that an average 
behavior such as is indicated by the dashed line on Figure 
50 will provide a reliable means for converting values of 
formation factor determined from electrical surveys to por- 

u 

* osity. This dashed line is described by the equation: 

-1.8 F = 3.5 d 

The samples used in compiling Figure 5 0  may not be 
representative of rocks at depth beneath Kilauea volcano. 
Alteration of older volcanic rocks may modify the pore 
structures so that such rocks may more closely resemble 
sandstones in their electrical behavior. However, samples 
of rock from depths as great as 1200 m have been obtained 
in the Kilauea Geothermal Test Hole (Zablocki et al., 19741, 
and the experimental data from these roughly agrees with 
parameters in eq. 9 (Keller, 1974, p. 3 8 ) .  

content is of value in geothermal prospecting only insofar 
as the water resistivity can be determined and the tempera- 
ture inferred from this information. The resistivity of an 
aqueous electrolyte depends on the amount of salt in solution, 
the types of salt,ions present, and the temperature. Inas- 

anics to extend approximately 2 km beneath sea level in 
areas where they have low repistivities,% it is probable 

. This relationshi tween rock resistivity and water 

.much as the resistivity surveys show the porous section of 

that these rocks are saturated with sea water containing 
primarily sodium chloride in solu ion. Sea water normally 
has a resistivity of 0 . 2 5  to 0.30 0hm-m at a temperature of 

At higher temperatures, the resistivity decreases, as 
by the curves in Figure 51, providing that there is 

es not change to 
e resistivity of 

0,040 ohm-m. 

hat would correspond 
ary to know the 

As may be seen 
made on small samples 
over 50%. However, 

rface samples may not 
ressures will tend 

to close the pores f average porosity is 
available from neu rradiation well logs fromethe Kilauea 

’ Geothermal Test Ho hese show the porosity at a depth of 
a kilometer or so to be reasonably uniform, and t o  lie 
between 20 and 25%. The formation factors corresponding to 



L. porosities of 20 and 25 percent are 42 and 30, respectively 
(Fig. 50). 
180 , we must have rock resistivities below 1.7 ohm-m for a 
porosity of 20%, and below 1.2 ohm-m for a porosity of-25%. 

In order to have temperatures in excess of 

* 
The lowest resistivities observed were approximately 

2 ohm-m, in several anomalous areas along the lower part of 
the east rift of Kilauea. Considering that the resistivity 
measured with a dipole survey is likely to be somewhat higher 
than the actual resistivity 'in a conductive anomaly, this 
result suggests that tempergtures at depth in the anomalous 
areas may be as high as 180 C. 

The validity of this conclusion depends on the reliabi- 
lity of our estimate of porosity at depth. Some check is 
available in the form of resistivity data from areas adjacent 
to the anomalous areas. In these regions, resistivities of 
7 to 8 ohm-m appear to extend to a depth of about 2 km 
below sea level. Again assuming that the porosity at depth 
is 20 to 2 5 % ,  the formation factor will be unchanged, being 
42 and 30 respectively. The corresponding water resistivity 
is 0.16 to 0 . 2 5  ohm-m. These water resistivities correspond 
to temperatures in the range from 30 to 6 O o C .  Thfs is a 
reasonable temperature range for a depth up to 2 km in an 
area with a thermal gradient of 2OoC. Thus, both the absolute 
value of resistivity observed in the areas of anomalously 
low resistivity, and the contrast between the low values of 
resistivity and more normal values of resistivity In adjacent 
areas, are compatible with the existence of geothermal 
reservoir to depths of about 2 km, with temperature of 1800 
or more. 

0 

N o  resistivity determinations below approximately 10 
ohm-m were obtained over the summit area of Kilauea volcano, 
where it is believed a geothermal system is present at depths 
of 1 to 2 km below the surface. The pore waters in the geo- 
thermal system beneath the summit are primarily fresh waters, 
with only enough salinity to correspond to 10 to 20% sea 
water mixed in. The lower content of sea water in rocks 
penetrated by the Kilauea Geothermal Test Hole is probably a 
result of its great distance from the ocean, and the rela- 
tively large supply of surface waters from the flanks of 
Mauna Loa. The dipole resistivity data indicate that resisti- 
vities at depth under the flanks of Mauna Loa and in the 
Mountain View-Glenwood area are 20 to 50 ohm-m. The contrast 
between these values and the 10 ohm-m seen under the summit 
of Kilauga i s  fully compatible with a temperature at depth of 
30 6 0  50 C in the areas outside the summit anomaly, and the 
150 or higher temperature known to exist below sealevel at 
the Kilauea Geothermal Test Hole. 
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f A TIME-DOMAIN ELECTROMAGNETIC SURVEY OF THE EAST RIFT -u 
ZONE, KILAUEA VOLCANO, HAWAII 

I 

A time-domain electromagnetic survey was conducted 
over the east rift zone of Kilauea volcano, to give a more 
complete picture of the geologic structure and hydrology 
of the rift, with special emphasis an its geothermal poten- 
tial: This report summarizes that survey (Skokan 1974). 

For the time-domain electromagnetic (TDEM) survey, a 
line source and a loop r.eceiver were used. A square wave 
with a 15-sec period introduced between 5 and 15 amps of 
current into the ground. Measurements of the transient 
magnetic field resulting from the current step were made 
with a 305-m loop of 26-conductor cable laid out in a square. 
The observed transient (see Fig. 5 2  for example) was 
processed for interpretation by removing the step-response 
of the receiver equipment, stacking the data tenfold to en- 
hance the signal, and filtering to remove high-frequency noise. 
The resultant voltage was converted to apparent resistivity 
using the equation: 

where p is apparent resistivity, R is the distance from 
the source to the receiver, V(t) is the processed signal 
voltage, M is the source moment (current x length), A is 
the area of the receiver loop, and 8 is an offset angle to 
the receiver measured from a perpendicular to the source. 

a 

I 
The processed p,a versus time curves were then plotted 

on bilogarithmic paper and a layered-earth interpretation was 
made using a curve-matching technique (Fig. 53). A layered- 
earth interpretation was not possible for all curves. For 
stations too close to the source, only a first-layer 
resistivity could be calculated from the maxiinum-received 
voltage. For the stations far from the source where extreme 
filtering was used, the transients were too distorted for a 
curve-matching interpretation.' 

Figures 5 4  and 55 are maps of the maximum apparhnt 
* resistivity from the two TDEM sources, with the values indi- 

eating resistivities in an upper layer. The contoured maxi- 
mum resistivity map reflects the geology. The Kilauea dike 
system is expressed by a high resistivity zone that is 
particularly noticeable on the 1972 resistivity map, and 'U 
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displacement on the rift is characterized by a resistivity 
high on the 1973 map. As discussed in the hydrology section, 
it is thought that the east rift dike system forms a barrier 
to groundwater movement from the heavy rainfall area to the 
north. The higher resistivities to the north could result 
from saturation with fresh water instead of more saline sea 
water that produces lower resistivities toward the ocean. 

Two cross sections are presented to summarize the elec- 
tromagnetic sounding interpretation result's. The cross 
sections were selected in two very different regions of the 
survey. Cross section A-A' (Fig. 56) illustrates a dike 
complex in the rift area. This type of structure is charac- 
terized by higher resistivities. Cross section B-B' (Fig. 5 7 )  
shows a low-resistivity zone that begins at the surface and 
becomes more conductive at a depth of about 700 m. It is 
presumed that this resistivity low is a result of both salt 
in solution in groundwater and heat. Surrounding resistivity 
zones are also influenced by salt water underground. 

The apparent resistivities from the bipole-dipole 
resistivity data were compared with the maximum-voltage 
resistivities from the TDEM data. In order to combine the 
dipole-bipole data, the survey area was broken into cells 
which were 2 km on each side and apparent resistivities from 
all sources were averaged for each cell. Apparent resistivity 
values less than 2 km from the source were rejected in the 
average so  that source effects would be minimized. Resisti- 
vities from the two methods are very much alike (see Fig. 58). 
With the TDEM method, however, p versus depth information is 
gained at each station, while with the DC method, only a 
pa value is obtained at each station. 

This study was funded by Grant GI-38319, Nati'onal 
Science Foundation. 
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F i g u r e  5 4 .  Maximum-volt 
a the 1972 survey. 
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Figure 55. Maximum-voltage resistivity map from 
the 1973 survey. 
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ABSTRACT 

V a r i a b l e  f r e q u e n c y  i n d u c t i v e  s o u n d i n g  m e a s u r e m e n t s  taken 
w i t h  t h e  h o r i z o n t a l ,  c o p l a n a r  t w o - l o o p  c o n f i g u r a t i o n ,  a s  w e l l  
as  S c h l u m b e r g e r  d i r e c t  c u r r e n t  s o u n d i n g  m e a s u r e m e n t s ,  were made 
o n  t h e  l o w e r  e a s t  r i f t  o f  K i l a u e a  v o l c a n o ,  H a w a i i .  N o r m a l i z e d  
a m p l i t u d e s  o f  rece iver  v o l t a g e  o v e r  s o u r c e  c u r r e n t  f r o m  t h e  
i n d u c t i v e  s o u n d i n g s  and  S c h l u m b e r g e r  a p p a r e n t  r e s i s t i v i t i e s  
were i n t e r p r e t e d  w i t h  s t a n d a r d  c u r v e  m a t c h i n g  t e c h n i q u e s .  
The  g e o e l e c t r i c  s e c t i o n  o b t a i n e d  f r o m  t h e s e  d a t a  c o n s i s t s  o f  
a h i g h l y  r e s i s t i v e  o v e r b u r d e n  ( a b o u t  6000 ohm-m) e x t e n d i n g  
downward t o  t h e  w a t e r  t a b l e  s u r f a c e .  The  s a t u r a t e d  s u b s t r a t u m  
sh.ows r e s i s t i v i t i e s  o f  1 0 0  t o  600 ohm-m w h e r e  f r e s h  w a t e r  i s  
p r e s e n t  a n d  r e s i s t i v i t i e s  less  t h a n  6 ohm-m w h e r e  w a t e r  i s  
more  s a l i n e .  The  f r e s h  w a t e r  s a t u r a t e d  z o n e ,  w h i c h  i n  H a w a i i  
u s u a l l y  o c c u r s  as a l e n s  f l o a t i n g  on  t o p  o f  t h e  m o r e  d e n s e  
s e a - w a t e r ,  i s  n o t  p r e s e n t  e v e r y w h e r e  i n  t h e  s u r v e y  a r e a .  
Where t h i s  z o n e  i s  a b s e n t  t h e  r e s i s t i v i t i e s  a t  t h e  s u r f a c e  
o f  t h e  wa te r  t a b l e  a r e  a n o m a l o u s l y  low f o r  s a t u r a t e d  r o c k s  
a t  n o r m a l  t e m p e r a t u r e s .  E l e v a t e d  t e m p e r a t u r e s  ( a b o u t  40° C) 
i n  t h e  s t r a t a  a r e  p a r t i a l l y  r e s p o n s i b l e  f o r  t h i s  a b n o r m a l i t y .  
An a n a l y s i s  o f  t h e  d i r e c t  c u r r e n t  and  t h e  i n d u c t i v e  d a t a  
i n  c o n j u n c t i o n  w i t h  c o n t r o l  a v a i l a b l e  f r o m  w e l l s  i n  t h e  a rea  
l e a d s  u s  t o  p o s t u l a t e  s i g n i f i c a n t  e l e c t r i c a l  a n i s o t r o p y  i n  
t h e  s t r a t a .  We s u s p e c t  t - h a t  w e a t h e r i n g  and  h i g h e r  p o r o s i t i e s  
b e t w e e n  l ava  f l o w s  as  d i s t i n g u i s h e d  f r o m  t h e  p r o p e r t i e s  o f  t h e  
m a i n  f l o w  masses a r e  r e s p o n s i b l e  f o r  t h i s  e f f e c t , w h i c h  i n c r e a s e s  
t h e  e f f e c t i v e  l o n g i t u d i n a l  c o n d u c t i v i t y  o f  t h e  s e c t i o n .  I n  
e v a l u a t i n g  t h e  d i r e c t  c u r r e n t  me thod  a g a i n s t  t h e  i n d u c t i v e  
m e t h o d ,  w e  f o u n d  t h a t  t h e  i n d u c t i v e  s o u n d i n g s  p r o v i d e d  r e l i a b l e  
i n f o r m a t i o n  on  b o t h  t h e  s t r u c t u r e  and  p o r e  wa te r  p r o p e r t i e s  
o f  t h e  s a t u r a t e d  z o n e .  On t h e  o t h e r  h a n d ,  u s i n g  t h e  d i r e c t  
c u r r e n t  me thod  w i t h  c o m p a r a b l e  s p r e a d s  w e  were a b l e  t o  d e f i n e  
t h e  m o r e  r e s i s t i v e  s t r u c t u r e  and  t h i c k n e s s  of t h e  o v e r b u r d e n  
b u t  d i d  n o t  8 c h i e v e  a c c u r a t e  e s t ima tes  o f  t h e  s a l i n e  water  
r e s i s t i v i t y .  
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I N T R O D U C T I O N  

O u r  p r i m a r y  o b j e c t i v e  was t o  d e t e r m i n e  t h e  r e l a t i o n s h i p  
be tween t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  measured  by i n d u c t i v e  
s o u n d i n g s  and t h e  h y d r o l o g i c a l  c o n d i t i o n s  of  t h e  lower  e a s t  
r i f t  zone  on t h e  n o r t h e a s t e r n  f l a n k  of  K i l a u e a  v o l c a n o  (F ig .  1). 
A s  p a r t  of  a g e o t h e r m a l  e x p l o r a t i o n  program on Hawai i  I s l a n d ,  
w e  o b t a i n e d  v a r i a b l e - f r e q u e n c y  i n d u c t i v e  sound ing  d a t a  u s i n g  
t h e  c o p l a n a r  two- loop  c o n f i g u r a t i o n ,  a s  w e l l  a s  Sch lumberge r  
d i r e c t  c u r r e n t  s o u n d i n g  d a t a .  

The e f f e c t i v e  d e p t h  o f  p e n e t r a t i o n  f o r  t h e  i n d u c t i v e  
s o u n d i n g s  r e p o r t e d  h e r e  i s  l e s s  t h a n  200 m.  Al though any 
e x p l o i t a b l e  g e o t h e r m a l  r e s o u r c e  would p r o b a b l y  b e  muqh d e e p e r ,  
w e  supposed  t h d t  t h e  s h a l l o w  h y d t o l o g i c a l  c o n d i t i o n s  i n  t h e  
s u r v e y  a r e a  would b e  r e l a t e d  t o  d e e p e r  t h e r m a l  s o u r c e s .  The 
r e s u l t s  a l s o  p r o v i d e  an example of a h y d r o g e o p h y s i c a l  s u r v e y  
i n  a v o l c a n i c  a r e a .  

The i n d u c t i o n  s u r v e y  method,  a s  compared w i t h  t h e  more 
commonly u s e d  d i r e c t  c u r r e n t  method,  h a s  t h e  t h e o r e t i c a l  advan-  
t a g e  o f  h i g h e r  s e n s i t i v i t y  t o  t h e  low r e s i s t i v i t i e s  a s s o c i a t e d  
w i t h  g e o t h e r m a l  a n o m a l i e s  ( K e l l e r ,  1971;  Ke l l e r  and R a p o l l a ,  
1974) .  I n d u c t i o n  s u r v e y s  can  a l s o  have  a l o g i s t i c a l  a d v a n t a g e  
i n  a r e a s  where h i g h l y  r e s i s t i v e  s u r f a c e  c o v e r  causes d i f f i c u l t y  
i n  e s t a b l i s h i n g  g a l v a n i c  ground c o n t a c t s ,  Hawaii  I s l a n d ' s  
l a r g e  t r a c t s  of  f r e s h ,  p o r o u s  l a v a  f l o w s  of  h i g h  r e s i s t i v i t y  
which  o f t e n  n e c e s s i t a t e  t h e  u s e  of  i n d u c t i o n  methods f o r  
e l e c t r i c a l  s u r v e y s .  Much of  o u r  s u r v e y  w a s  o v e r  s u c h  t e r r a i n .  
F o r t u n a t e l y ,  a t h i n  l a y e r  ( s e v e r a l  i n c h e s )  of  w e a t h e r e d  m a t e r i a l  
on some o f  t h e  o l d e r  l a v a  f l o w s  a l l o w e d  t h e  u s e  o f  d i r e c t  
c u r r e n t  sound ing .  T h u s  w e  have  a u n i q u e  o p p o r t u n i t y  t o  e v a l u a t e  
t h e  a d v a n t a g e s  of  t h e  i n d u c t i o n  method a g a i n s t  t h e  d i r e c t  
c u r r e n t  method i n  g e o t h e r m a l  and h y d r o l o g i c a l  e x p L o r a t i o n .  

BACKGROUND G E O L O G Y  

K i l a u e a  is an  a c t i v e  b a s a l t i c  s h i e l d  v o l c a n o  s i t u a t e d  
I 

o n  t h e  s o u t h e a s t e r n  p o r t i o n  o f  Hawai i  I s l a n d .  Two r i f t  
s y s t e m s  e x t e n d  f rom R i l a u e a ' s  s u m m i t  t oward  t h e  s o u t h w e s t  and 
e a s t .  Our s t u d i e s  were made i n  t h e  Puna D i s t r i c t  on t h e  lower  
e a s t  r i f t  zone. The h y d r o l o g i c a l  d a t a  and s t r u c t u r a l  f e a t u r e s  
of Puna ar  summarized i n  T a b l e  1 and F i g u r e  1.. 

The most  p rominen t  f e a t u r e  i n . t h i s  a r e a  i s  t h e  e a s t  r i f t  
Al though  i t  e x t e n d s  some d i s t a n c e  f rom t h e  v o l c a n i c  

s u m m i t ,  i t  h a s  b e e n  t h e  l o c u s  o f  c o n s i d e r a b l e  v o l c a n i c  a c t i v i t y ,  
t h e  most  r e c e n t  e r u p t i o n s  (1955 and 1960) t h e r e  a r e  shown i n  
F i g u r e  1. 

T h e  r i f t  z o n e  i s  marked by  s u r f i c i a l  f e a t u r e s  such  as steam 
s e e p s ,  r e c e n t  v o l c a n i c  e x t r u s i o n s ,  c i n d e r  c o n e s ,  f i s s u r e s ,  and 
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Table 1. D r i l l  ho le  data: Puna d i s t r i c t ,  Hawaii 

Elevat ions  from Sea Level 

Temp era t u r e Well Head Well Bottom Water Level Chlorides Well 
NO Source OC m m m (PPt) 

1 ( 1) 2 2 . 0  1 1 . 6  - 0 . 9  0 . 9  . 1 8 0  

9 - 5  ( 1) 2 2 . 2  2 15 - 1 5 . 2  5 . 5  .002  

9 -6  ( 1) 3 3 . 8  8 7 . 5  - 1 5 . 2  0 . 9  . 3 3 8  

9-7  ( 1 )  2 3 . 4  229  - 1 5 . 2  0 . 9  . 0 8 2  

9 - 9  5 4 . 9  8 3 . 6  - 1 2 . 8  0 . 3  6 . 2  

2 1 . 6  25 - 1 3 . 4  

3 9 . 0  3 9 . 3  - 3 . 4  

5 4 . 5  3 0 8  253  

3 . 9  

0 . 6  

. 0 16 

2 . 6  

--- 

IV ( 2 )  4 3 . 4  7 6 . 1  - 1 2 . 4  -e -  --- 

( 1 )  DOWALD ( 1 9 7 0 ) .  

( 2 )  Stearns ( 1 9 6 6 ) .  

( 3 )  Hideo Gushiken, USGS (Water Resources),  Hilo. 



. b 

Primary g e o l o g i c a l  f a t u r e s  and reported  
water temperatures from t h e  Puna a r e a .  

d e t a i l e d  h y d r o l o g i c a l  da ta  are  
d i n  Table  1 t h a t  i s  keyed t o  t h e  

w e l l  numbers a s  shown on F igure  2 .  
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p i t  c r a t e r s ,  which  c o v e r  a l i n e a r  zone  a b o u t  a k i l o m e t e r  o r  
two wide .  The d e e p e r  r i f t  s t r u c t u r e  i s  p r o b a b l y  a d e n s e  
complex o f  t h i n  d i k e  i n t r u s i v e s  t h a t  have  i n i d i v i d u a l  w i d t h s  
o f  two meters o r  l ess  (Macdonald,  1956) .  

ci 

S t u d i e s  o f  r e c e n t  e r u p t i o n s  i n d i c a t e  t h a t  t h e  r i f t  i s  
f e d  l a t e r a l l y  by t h e  s u m m i t  r e s e r v o i r  o f  K i l a u e a  v o l c a n o  r a t h e r  
t h a n  v e r t i c a l l y  by i n d e p e n d e n t  magma s o u r c e s .  The d i k e  ' 

complexes e x t e n d  t o  d e p t h s  p r o b a b l y  n o t  e x c e e d i n g  t h e  d e p t h -  
o f  t h e  summit r e s e r v o i r .  2 t o  4 km (Moore and Kr ivov .  1964: 
F i s k e  and K i n o s h i t a ,  1969) .  D i e t e r i i h  and Decker  (15 iS )  
s u g g e s t e d  t h a t  t h e  r e c e n t  s u r f a c e  d e f o r m a t i o n  i n  t h e  Puna a rea  
i s  b e s t  e x p l a i n e d  by t h e  i n f l a t i o n  of  a sou thward  d i p p i n g  
d i k e  r e s e r v o i r  w h o s e . t o p  i s  r o u g h l y  one  k i l o m e t e r  deep  b e n e a t h  
t h e  l i n e  o f  t h e  most  r e c e n t  v o l c a n i c  r e x t r u s i o n s .  P e t r o l o g i c a l  
s t u d i e s  by  Wr igh t  and F i s k e  (1971) a l s o  i n d i c a t e d  t h a t  p o c k e t s  
a f  magma may ex i s t  w i t h i n  t h e  r i f t  which m i x  w i t h  magma f rom 
t h e  s u m m i t  r e s e r v o i r  p r i o r  t o  r i f t  e r u p t i o n s .  

Because  of  t h e  u n i f o r m i t y  of  Hawai ian  l a v a s  and t h e  
i m p r o b a b i l i t y  of  e n c o u n t e r i n g  magma a t  t h e  s h a l l o w  d e p t h s  o f  
o u r  s o u n d i n g s ,  t h e  e l e c t r i c a l  p r o p e r t i e s  of  t h e  u p p e r  s t r a t a  
w i l l  b e  a f f e c t e d  p r i m a r i l y  by t h e  l o c a l  h y d r o l o g i c a l  c o n d i -  
t i o n s  (Schwar t z ,  1937 ;  Zohdy-and J a c k s o n ,  1969) .  The main  
p a r a m e t e r s  of  c o n c e r n  a r e  t h e  p o r o s i t y  and p e r m e a b i l i t y  of  
t h e  s t r a t a ,  and t h e  i o n i c  c o n c e n t r a t i o n s  and t e m p e r a t u r e  of 
t h e  p o r e  water  (Kel ler  and F r i s c h k n e c h t ,  1966;  Kel le r ,  1970;  
Meidav,  1970;  Ke l l e r  and R a p o l l a ,  1974) .  

Groundwater  i n  Hawaii  n o r m a l l y  o c c u r s  i n  a Ghyben-Herzberg 
l e n s  c o n f i g u r a t i o n  w i t h  f r e s h  w a t e r  f l o a t i n g  on t h e  more 
d e n s e  s a l t  w a t e r  w i t h i n  t h e  pe rmeab le  mass of  t h e  i s l a n d  
(Macdonald and A b b o t t ,  1970) .  The r a t i o  of  h y d r a u l i c  head  
(above  sea l e v e l )  t o  t h e  d e p t h  t o  t h e  s a l t  w a t e r  s u r f a c e  
(be low s e a  l e v e l )  i s  commonly a b o u t  1:40.  The s t a b i l i t y  of  
t h i s  f r e s h - s a l t  water  z o n a t i o n  d e t e r i o r a t e s  w i t h  i n c r e a s i n g  
c h l o r i d i t y  o f  t h e  f r e s h  wa te r ,  i n c r e a s i n g  t e m p e r a t u r e  and 
d e c r e a s i n g  r a t e  o f  f r e s h  w a t e r  r e c h a r g e .  

The w e l l  d a t a  i n  T a b l e  I i n d i c a t e  t h a t  w e l l - d e f i n e d  

s o u t h w e s t  o f  t h e  r i f t  and t h a t  g roundwate r  i s  o f t e n  b r a c k i s h ,  
g r a d i n g  i n t o  sea water .  The h y d r a u l i c  g r a d i e n t  i s  a l s o . v e r y  
low s o u t h e a s t  o f  t h e  r i f t .  S i m i l a r  a r e a s  o c c u r r i n g  on t h e  
w e s t  c o a s t  o f  Hawai i  a r e  a t t r i b u t e d  t o  low r a t e s  o f  f r e s h  
wa te r  r e c h a r g e  (Macdonald and A b b o t t ,  1970) .  I n  Puna,  f r e s h  
water  f r o m t h e  a r e a o f  h i g h  r a i n f a l l  n o r t h  o f  t h e  r i f t  a p p a r e n t l y  
i s  n o t  a b l e  t o  f l o w  f r e e l y  t h r o u g h  t h e  r i f t  s t r u c t u r e .  T h e  
low volume of  o u t f l o w  from c o a s t a l  s p r i n g s  i n f e r r e d  f rom t h e  
a n a l y s i s  o f  i n f r a r e d  imagery  c o n f i r m s  t h e  low volume o f  f r e s h  
water  s o u t h e a s t  o f  t h e  r i f t  ( F i s c h e r  e t  a l . ,  1966) .  

' Ghyben-Herzberg z o n a t i o n  d o e s  n o t  o c c u r  i n  many p l a c e s  

c 
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Table 2. Basic facts and interpretation of direct current 

soundings (resistivities, p (ohm-m) and elevation u o f  the upper surface, di (m), of layer 1). 

C 1  2o,ooa1244 66601236 <io0120 

63 3,150/275 60001269 25001193 600171 

64 34,0001131 35001128 61001126 60014 501-256 

A.  Layered interpretat 
elev. H(m) d/t u2(mho/m) H-d (m) 

. I  - t(m) 
4-1 488 98 0.25 0.18 -24 
6-1 34 1 47 0.25 0.17 -36 
7-1 524 34 0.042- 0.15 -62 
10- 1 356 46 0 -64 +2 
10-2 6 34 49 0.2 +9 
10-3 521 56 0.38 +4 
11-1 335 75 0.15 +33 t o  -9 
15-2' 462 13 
17-1 677 95 . 0.15 
27 366 38 0.125 

Y 

44  

0.3 - 0.37 
0.37 - 0.45 

366 ' 201 

I 
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Tempera tu re  measurements  made i n  d r i l l  h o l e s  and c o a s t d  

Li s p r i n g s  (Hawaii  Board of  Water Supp ly ,  unpub.; see T a b l e  1 
and F i g .  1) and t e m p e r a t u r e  anomal i e s  f rom t h e  i n f r a r e d  imagery  
( F i g .  1) i n d i c a t e  t h a t  t h e  ground water  i n  some areas  i s  
s t i l l  w a r m  as i t  f l o w s  i n t o  t h e  ocean.  D r i l l . h o l e  t e m p e r a t u r e s  
w i t h i n  t h e  r i f t  h i v e  been  measured a t  c l o s e  t o  100°C a t  near  
sea- leve l  d e p t h s ,  and c o a s t a l  s p r i n g s  h a v e  b e e n  measured  a t  
t e m p e r a t u r e s  as h i g h  a s  4OOC. 

DATA ANALYSIS 

The p r i n c i p a l  d a t a  c o n s i s t  of  t h e  m u t u a l  impedance a m p l i t u d e s  
( i n d u c e d  v o l t a g e  i n  t h e  r e c e i v e r  l o o p  d i v i d e d  b y  t h e  c u r r e n t  i n  
t h e  s o u r c e  loop)  measured  a t  d i s c r e t e  f r e q u e n c i e s  i n  t h e  r a n g e  
of 20 Hz t o  10 KHz f o r  e a c h  of 29 i n d u c t i v e  s o u n d i n g s .  . The 
s i g n a l s  were g e n e r a t e d  and s e n s e d  i n  s q u a r e  c o i l s  o f  w i r e  l a i d  
h o r i z o n t a l l y  on t h e  g round ,  w i t h  e l e c t r o n i c s  s i m i l a r  t o  t h a t  
d e s c r i b e d  by  Ke l l e r  (1970,  p. 136) .  S o u r c e a n d  rece iver  l o o p s  
were 76 m on a s i d e  h a v i n g  1 t o  3 and 42  t u r n s  r e s p e c t i v e l y ,  
and were s e p a r a t e d  by  d i s t a n c e s  o f  219 t o  634 m. S u p p l e m e n t a r y  
d a t a  a r e  p r o v i d e d  by f i v e  Schlumberger  d i r e c t  c u r r e n t  (d .c . )  
s o u n d i n g s  h a v i n g  a maximum h a l f - s p a c i n g  (AB/2) of  a b o u t  1000 m. 

P r i o r  t o  i n t e r p r e t a t i o n  t h e  i n d u c t i i r e  d a t a  were n o r m a l i z e d  
as  

a r e  t h e  measured impedance a m p l i t u d e s  a t  f r e q u e n c y  
where f and l z ( f )  Z,(f)  ' I a r e  t h e  c o r r e s p o n d i n g  impedance a m p l i t u d e s  t h a t  
t h e o r e t i c a l l y  would b e  measured  i n  t h e  a b s e n c e  o f  any c o n d u c t o r s  
( f r e e  s p a c e ) .  The l Z o ( f ) \  va lues  were d e t e r m i n e d  e m p i r i c a l l y  
f rom d a t a  o b t a i n e d  i n  c a l i b r a t i o n  s o u n d i n g s  on t h e  Humuula S a d d l e  
n e a r  t h e  c e n t e r  of  Hawai i  I s l a n d ,  an a r e a  w i t h  a r e s i s t i v i t y  of  
a t  l e a s t  5000 ohm-m t o  a d e p t h  o f  a few hundred  meters  (Zohdy 
and  J a c k s o n ,  1969. 

The i n d u c t i v e  and d.c .  d a t a  b o t h  were i n t e r p r e t e d  using, 
s t a n d a r d  c u r v e  ma tch ing  t e c h n i q u e s  ( K e l l e r  and F r i s c h k n e c h t ,  1966) .  
F o r  t h e  i n d u c t i v e  d a t a ,  t h e  n o r m a l i z e d  impedances  were p l o t t e d  
b i l o g a r i t h m i c a l l y  a g a i n s t  a s c a l e d  f r e q u e n c y  p a r a m e t e r  r d f  
( r=  s e p a r a t i o n  be tween l o o p s )  and w e r e  t h e n  compared a g a i n s t  
l a y e r e d  model c u r v e  s e t s .  F r i s c h k n e c h t ' s  (1967) c a t a l o g u e  o f  
t w o - l a y e r  models  w a s  a d e q u a t e  i n  most  c a s e s ;  however ,  a d d i t i o n a l  
model c u r v e s  were g e n e r a t e d  when n e c e s s a r y  by  u s i n g  t h e  " l i n e a r  
d i g i t a l  f i l t e r "  c o m p u t a t i o n a l  p r o c e d u r e  (Koefoed e t  a l . ,  1972;  
Verma and Koefoed ,  1973. The d . c .  d a t a  were p l o t t e d  b i l o g a r i t h -  
m i c a l l y  as  Schlumberger  a p p a r e n t  r e s i s t i v i t i e s  a g a i n s t  A B / 2  ( t h e  

an  i n t e r a c t i v e  computer  program s i m i l a r  t o  t h a t  o f  J o h a n s e n  (1975).  
The b a s i c  f a c t s  of  t h e s e  i n t e r p r e t a t i o n s  a r e  p r e s e n t e d  i n  T a b l e s  2 
and 3 (d.c.  and i n d u c t i v e  d a t a  r e s p e c t i v e l y ) .  S t a t i o n  l o c a t i o n s  
a r e  shown i n  F i g u r e  2.  

s e p a r a t i o n  be tween o u t e r m o s t  e l e c t r o d e s )  and i n t e r p r e t e d  w i t h  i 

b? 
J 
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QAHOA 

O Cinder Cons or Crater 
7-1 Inductive Soundings: 

0 1mror.d Site, Anornolow 

.m 

based on the interpretations discussed in 
the text; in general the anomalous sites 
show higher onductivities than do the 
others. Well locations are also shown. hid 
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The i n d u c t i v e  d a t a  i n t e r p r e t a t i o n s  f a l l  i n t o  t h r e e  
c a t e g o r i e s :  (A) 13 s o u n d i n g s  i n d i c a t e  a c o n d u c t i v e  s u b s t r a t u m  
b e n e a t h  a h i g h l y  r e s i s t i v e  o v e r b u r d e n ;  (B)  11 s t a t i o n s  show 
a r e s p o n s e  s i m i l a r  - t o  t h e  r e s p o n s e  o f  f r e e  s p a c e ;  and (C) 5 
s o u n d i n g s  c a n n o t  b e  f i t  t o  l a y e r e d  e a r t h  c o n d u c t i v i t y  models .  
The d a t a  i n  c a t e g o r y  C may b e  i n t e r p r e t a b l e  i n  terms o f  more 
complex models  t h a n  c o n s i d e r e d  above;  however ,  w e  b e l i e v e  t h a t  
t h e  d a t a  a re  t o o  s p a r s e  t o  w a r r a n t  a more d e t a i l e d  d i s c u s s i o n  
h e r e .  

The d a t a  t h a t  a r e  n o t  d i s t i n g u i s h a b l e  f rom t h e  r e s p o n s e  
of  f r e e  s p a c e  ( c a t e g o r y  B) were o b t a i n e d  a t  e l e v a t i o n s  g e n e r a l l y  
g r e a t e r  t h a n  100 m ,  w h i l e  t h o s e  t h a t  s e n s e d  a c o n d u c t i v e  
s u b s t r a t u m  w e r e  o b t a i n e d  a t  lower  e l e v a t i o n s .  S i n c e  t h e  t o p  
o f  t h e  c o n d u c t i v e  second  l a y e r  i s  i n t e r p r e t e d  t o  b e  n e a r  t h e  
p l a n e  o f  sea l e v e l  o r  be low f o r  t h e  s o u n d i n g s  i n  c a t e g o r y  (A) 
( T a b l e  3 ) ,  t h e  maximum d e p t h  a t  which o u r  s y s t e m  c o u l d  r e s o l v e  
a c o n t r a s t i n g  c o n d u c t i v i t y  i s  a p p a r e n t l y  a b o u t  100 m. 

The maximum d e m o n s t r a t a b l e  d e p t h  of r e s o l u t i o n  (144 m ,  
s t a t i o n  15-1, see T a b l e  3) is l e s s  t h a n  one t h i r d  of t h e  
s e p a r a t i o n  be tween s o u r c e  and r ece ive r .  T h i s  seems t o  b e  
t h e  l i m i t i n g  d e p t h  o f  r e s o l u t i o n  f o r  a c o n d u c t i v i t y  c o n t r a s t  
as  i n f e r r e d  from model t w o - l a y e r  r e s p o n s e s  f o r  t h e  c o p l a n a r  
two-loop sys tem.  F i g u r e  3, f o r  example ,  shows a p l o t  o f  t h e  
d a t a  from sound ing  32B ( c a t e g o r y  B) supe r imposed  on a s e t  of 
model curves  f o r  a c o n d u c t i n g  h a l f - s p a c e  l o c a t e d  a t  a d e p t h  
I1dql b e n e a t h  a non-conduc t ing  o v e r b u r d e n .  The c o n d u c t i v i t y  
c o n t r a s t  h a s  been  made i n f i n i t e  i n  t h i s  s e t  o f  models  s o  
t h i s  example i n d i c a t e s  t h e  maximum d e p t h  a t  which  a s e t  o f  
measurements  c a n  r e s o l v e  an u n d e r l y i n g  i n t e r f a c e .  'Amplitude 
d a t a  w i t h  g r e a t e r  t h a n  a b o u t  5% a c c u r a c y  a re  r e q u i r e d  f o r  
r e s o l h t i o n  of  a c o n d u c t o r  a t  d e p t h s  e x c e e d i n g  o n e - t h i r d  of 
t h e  s o u r c e  r ece ive r  s e p a r a t i o n ,  8rr81. It , i s  a l s o  e v i d e n t  t h a t  
optimum r e s o l i r t i o n  o f  t h e  u n d e r l y i n g  i n t e r f a c e  o c c u r s  f o r  a 
d / r  v a l u e  of  l e s s  t h a n  a b o u t  1 / 8 .  

L. 
* 

. 

t 

I n  a l l  s o u n d i n g s  of  c a t e g o r y  A t h e  c o n d u c t i v i t y  of  t h e  
o v e r b u r d e n  was t o o  s m a l l  t o  b e  d e t e r m i n e d  ( less  t h a n  .002 mho/m) 
and w a s  assumed t o  b e  z e r o  f o r  t h e  p u r p o s e s  o f  i n t e r p r e t a t i o n  
(e.g.  u s i n g  model s e t s  s i m i l a r  t o  t h a t  p l o t t e d  on F i g u r e  3). ' 
The c o n d u c t i v i t i e s  i n t e r p r e t e d  f o r  t h e  second  l a y e r  a r e  
g e n e r a l l y  g r e a t e r  t h a n  . l  ( r e s i s t i v i t i e s  l e s s  t h a n  10-ohm-m) 
( T a b l e  3): When u s i n g  t h e  d i r e c t  c u r r e n t  i n t e r p r e t a t i o n s  
( T a b l e  2) a s  i n d i c a t o r s  o f  t h e  t r u e  o v e r b u r d e n  c o n d u c t i v i t y ,  
w e  a r e  d e a l i n g  w i t h  a c o n d u c t i v i t y  c o n t r a s t  o f  a b o u t  1000. 

5 
The r a n g e  o f  c o n d u c t i v i t y  c o n t r a s t s  r e s o l v a b l e  by  t h e  

i n d u c t i v e  method used  h e r e  i s  t h e o r e t i c a l l y  l i m i t e d  o n l y  by 
t h e  r a n g e  of  f r e q u e n c i e s  a v a i l a b l e  f o r  u s e .  I n  t h e  a p p l i c a t i o n  
of t h e  cu rve -ma tch ing  i n t e r p r e t a t i o n a l  t e c h n i q u e ,  however ,  t h e  u 
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d i s t i n g u i s h i n g  p a r a m e t e r  f o r  t h e  v a r i o u s  models  i s  t h e  change  

r e s p e c t  t o  t h e  l o g a r i t h m i c  f r e q u e n c y ,  1 / 2  l o g  f .  T h i s  must  
b e  k e p t  i n  mind when s t u d y i n g  a s e t  of  models  such  as  a re  
p r e s e n t e d  i n  F i g .  4 ( compi l ed  from F r i s c h k n e c h t ,  1967) .  
T h i s  f i g u r e  is a b i l o g a r i t h m i c  p l o t  of  t h e  f r e q u e n c y  r e s p o n s e  
f o r  s e v e r a l  t w o - l a y e r  models  h a v i n g  d i f f e r e n t  c o n d u c t i v i t y  
c o n t r a s t s  (k) and a c o n s t a n t  d e p t h  s e p a r a t i o n  r a t i o n ( d / r  = 1/8). 
The a b s c i s s a  o f  t h e s e  p l o t s  i s  t h e  s e p a r a t i o n  d i v i d e d  by t h e  
s k i n  d e p t h  of  t h e  second l a y e r  i n s t e a d  of t h e  f i r s t  l a y e r s  
a s  u s u a l .  T h i s  n o r m a l i z a t i o n  h a s  t h e  a d v a n t a g e  of  i n d i c a t i n g  
t h e  r e l a t i v e  p e n e t r a t i o n  i n t o  l a y e r  two n e c e s s a r y  t o  r e s o l v e  
b o t h  c o n d u c t i v i t i e s .  Observe  t h a t  t h e  s h a p e s  of  curves  f o r  
c o n d u c t i v i t y  c o n t r a s t s  (k) l e s s  t h a n  1 a r e  p r a c t i c a l l y  i n d i s -  
t i n g u i s h a b l e ,  i m p l y i n g  t h a t  c u r v e  m a t c h i n g  c a n n o t  r e s o l v e  
c o n d u c t i v i t y  c o n t r a s t s  i n  t h i s  r a n g e  f o r  t h i s  p a r t i c u l a r  model 
s e t .  For  k be tween l a n d 1 0 0  t h e  v a r i a t i o n s  be tween  t h e  s l o p e s  
o f  d i f f e r e n t  models  p r o v i d e  f a i r l y  good r e s o l u t i o n  o f  'k(2 o r  3 . 
s i g n i f i c a n t  f i g u r e s  i n  t h e l o w e r  p a r t  o f  t h i s  r a n g e  of  k ,  and 
1 o r  2 s i g n i f i c a n t  f i g u r e s  i n  t h e  h i g h e r  r a n g e ,  depend ing  on 
t h e  a c c u r a c y  of t h e  d a t a ) .  F o r  k g r e a t e r  t h a n  100 t h e  s l o p e s  
r a p i d l y  a p p r o a c h  t h a t  of  an  i n f i n i t e  c o n d u c t i v i t y  c o n t r a s t ,  
i m p l y i n g  t h a t  o n l y  l i m i t i n g  bounds on k c a n  b e  e s t a b l i s h e d .  > 

I n  a l l  t h r e e  r a n g e s  of  k, a t  l e a s t  one  c o n d u c t i v i t y  c a n  b e  
e s t i m a t e d .  F o r  i n s t a n c e ,  when f r e q u e n c i e s  a r e  a v a i l a b l e  s u c h  
t h a t  r / 6 2  ( p r o p o r t i o n a l  t o  r d f )  i s  l e s s  t h a n  a b o u t  5 (e .g .  
t h e  s k i n  d e p t h  of  l a y e r  two i s  more t h a n  r / 5 ) ,  t h e  r e s p o n s e  
i s  l i k e  t h a t  o f  a h a l f  s p a c e  h a v i n g  t h e  c o n d u c t i v i t y  o f  l a y e r  3 

two. On t h e  o t h e r  hand ,  when r / 6 2  i s  g r e a t e r  t h a n  a b o u t  50 
o r  100 (e .g .  t h e  s k i n  d e p t h  of  l a y e r  two i s  l ess  t h a n  r / 5 0 ) ,  
t h e  r e s p o n s e  i s  l i k e  t h a t  o f a l a y e r  of  c o n d u c t i v i t y  Q, o v e r  
a p e r f e c t  c o n d u c t o r .  A r a n g e  of  r / 6  be tween  5 and 100 i s  
n e c e s s a r y  t o  a d e q u a t e l y  d e f i n e  t h e  szape  o f  t h e  c u r v e ,  and 
b o t h  c o n d u c t i v i t i e s  i f  k is between 1 and 100. For  a 
k g r e a t e r  t h a n  100 ,  t h e  c o n d u c t i v i t y  of  l a y e r  two can  s t i l l  
be  d e f i n e d ,  b u t  k and h e n c e  Q ,  may o n l y  b e  e x p r e s s e d  a s  a 
l i m i t .  T h i s  l a s t  c a s e  i s  t y p i c a l  of  most  of  o u r  d a t a  ( a n  
example i s  shown on b o t h  F i g s .  3 and 4) where  we c o u l d  o n l y  
e s t i m a t e  an u p p e r  bound on c o n d u c t i v i t y  Q ,  of  .002 mho/m. 

' i n  s l o p e  of t h e  l o g a r i t h m i c  r e s p o n s e ,  l o g  ( l Z l /  12, I), w i t h  Li 

* 

The i n d u c t i v e  i n t e r p r e t a t i o n s  ( c a t e g o r y  A) a r e  d i v i d e d  
i n t o  no rma l  s o u n d i n g s  ( a 2  from a b o u t  0.15 t o  .2 mho/m and 
i n t e r f a c e  e l e v a t i o n s  of  t h e  second  l a y e r  f rom -5 t o  -62 m 
be low s e a  l e v e l ) ,  and anomalous s o u n d i n g s  (cr2 from a b o u t  
.2  t o  . 8  mho/m and i n t e r f a c e  e l e v a t i o n s  a t  sea l e v e l  o r  
above;  see T a b l e  3) .  The r e a s o n  f o r  t h i s  d i s t i n c t i o n  w i l l  
become a p p a r e n t  i n  t h e  f o l l o w i n g  d i s c u s s i o n .  

We n o t e  t h a t  a l t h o u g h  t h e  d.c .  s o u n d i n g s  i n  t h e  p r e s e n t  
s u r v e y  p r o v i d e d  e s t i m a t e s  of t h e  c o n d u c t i v i t y  s t r u c t u r e  o f  
t h e  o v e r b u r d e n ,  and d e p t h  e s t i m a t e s  t o  a more c o n d u c t i v e  

c o n d u c t i v i t y  o f  t h e  s u b s t r a t u m ,  even  though t h e  d o c .  s p r e a d s  
were e q u i v a l e n t  t o  t h o s e  of  t h e  i n d u c t i v e  s o u n d i n g s .  The 

zone  ( T a b l e  2), t h e y  d i d  n o t  p r o v i d e  good e s t i m a t e s  o f  t h e  
(J 
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o - l a y e r  models  f o r  a copianar  . 
two-loop c o n f i g u r a t i o n  and f o r  t h e  con-  
d u c t i v i t y  model shown. T h i s  f i g u r e  
i n d i c a t e s  t h e  r e s o l u t i o n  o f  a conduct i  
c o n t r a s t  f o r  t h e  c a s e  o f  d / r  = 1/8. The 
normalized impedance amplitude 12 I /  12, I ,  
and s k i n  depth parameters a r e  a s  d e f i n e d  
i n  F igure  3 Example6 o f  sounding data  
a r e  shown. 

* 

.u 
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Lr e x p l a n a t i o n  i s  E v i d e n t  i n  F i g u r e  5 ,  which  shows two e x a y p l e s  
from t h e  d o c .  sound ings .  The c o n d u c t i v i t y  c o n t r a s t  (10 t o  lo4) 

' i s  s o  g r e a t  t h a t  s p r e a d s  of  (AB/2) o f  a b o u t  2 km would b e  
n e c e s s a r y  t o  d e f i n e  t h e  a symptd te  of  t h e  sound ing  c u r v e  t h a t  
would r e s o l v e  t h e  deep  r e s i s t i v i t y .  

DISCUSSION 

Our d a t a  show a v e r y  h i g h l y  r e s i s t i v e  o v e r b u r d e n  unde r -  
l a i n  by a more c o n d u c t i v e  zone .  The l o w e r ,  l e s s  r e s i s t i v e  . 
l a y e r  d e t e c t e d  by  t h e  d o c .  sound ing  o c c u r r e d  w i t h i n  20 m - I 
of s e a  l e v e l  f o r  t h e  t h r e e  s o u n d i n g s  on t h e  s o u t h e a s t  edge  +, 
of  t h e  r i f t  zone  and a b o u t  7 1  m and 4 1  m above  sea, l e v e l  
f o r  two s o u n d i n g s  (66 and 63, r e s p e c t i v e l y )  l o c a t e d  60  t h e  
n o r t h w e s t .  The i n d u c t i v e  s o u n d i n g s  s o u t h e a s t  o f  t h e  r i f t  zone  
! g e n e r a l l y  d e t e c t e d  a z o n e o f  low r e s i s t i v i t y  t h a t ' b e g a n  a t  I 

g r e a t e r  d e p t h s  ( w i t h  r e s p e c t  t o  sea l e v e l ) . t h a n  t h e  zone  
d e t e c t e d  by  t h e  d o c .  method. 

In an  a r e a  where t h e  h y d r o l o g y  i s  d e s c r i b e d  by a .Ghyben-  
Herzbe rg  r e l a t i o n s h i p  be tween f r e s h  and s a l t  water  s a t u r a t e d  
s t r a t a ,  t h e  t o p  o f  t h e  water  t a b l e  i s  a t  sea l e v e l  o r  above ,  
whereas  t h e  ' f r e s h - s a l t  w a t e r  i n t e r f a c e  i s  be low s e a  l eve l .  
The d o c .  s o u n d i n g s  d e t e c t e d  a zone  o f  m o d e r a t e  c o n d u c t i v i t y  * 

w i t h  d i f f e r e n t  geometry  and h i g h e r  r e s i s t i v i t y  t h a n  t h e  
c o n d u c t i v e  zone  d e t e c t e d  i n  i n d u c t i v e  s o u n d i n g s ,  which s u g g e s t s  
t h a t  t h e  d o c .  methods s e n s e d  t h e  w a t e r  t a b l e  s u r f a c e  whereas  
t h e  i n d u c t i v e  methods s e n s e d  t h e  s u r f a c e  of  t h e  s a l t - w a t e r  
s a t u r a t e d  rock .  H y d r o l o g i c a l  d a t a  from w e l l  h o l e s  i n  Puna ,  
as  w e ' l l  a s  e m p i r i c a l  r e l a t i o n s h i p s  be tween p o r e  w a t e r  p r o p e r -  
t i e s  and b u l k  r o c k  c o n d u c t i v i t y ,  g e n e r a l l y  s u p p o r t  t h i s  v iew,  
a s  w i l l  b e  shown below.  The anomalous ly  h i g h  w a t e r  t a b l e  
a t  s i t e s  63 and 66 i n f e r r e d  from t h e  p r e s e n t  d a t a  c a n n o t  b e  
d i r e c t l y  conf i rmed .  I t  i s  encourag , ing  t o  n o t e ,  however ,  
t h a t  a s e i s m i c  r e f r a c t i o n  e x p e r i m e n t  i n  t h e  a r e a  n e a r  G3 d e t e c t e d  
a h i g h  v e l o c i t y  l a y e r  a t  t h e  same e l e v a t i o n  as  t h e  lowered  res is-  
t i v i t y  l a y e r  t h a t  was i n t e r p r e t e d  a s  b e i n g  w a t e r - s a t u r a t e d  r o c k  
( W .  Suyenaga ,  m s .  i n  p r e p . ) .  

On t h e  s o u t h w e s t  edge  o f  t h e  s t u d y  a r e a  ( F i g .  2 ) ,  s o u n d i n g s  
15-2 and 11-1 d e t e c t e d  s a l t  water  a t  3 1  and 9 m be low s e a l l e v e l ,  
r e s p e c t i v e l y .  By u s i n g  t h e  Ghyben-Herzberg r a t i o  o f  1 : 4 0 ,  w e  
s h o u l d  e x p e c t  r e s p e c t i v e  h y d r a u l i c  h e a d s  of  + 0 . 8  and +0.2 m. 
Well 9-7 ,  q u i t e  c l o s e  t o  b o t h  15-2 and 11-1 b u t  a b o u t  twice  
as  f a r  i n l a n d ,  h a s  a s t a t i c  w e l l  head of  +0.9 m and draws  
p o t a b l e  w a t e r ,  i n  good agreement  w i t h  t h e  i n d u c t i v e  i n t e r p r e t a t i o n .  

Kapoho w e l l  (number 1, F i g .  2) h a s  a s t a t i c  water  head  
o f  + 0 . 9  m. The water  i s  f r e s h  and i s  t h o u g h t  t o  b e  p e r c h e d  
on t h e  r e l a t i v e l y  impermeable  p y r o c l a s t i c s  of Kapoho Crater  
( S t e a r n s  and Macdonald,  1946 s t a t e  t h a t  a l a k e  t h a t  f o r m e r l y  
e x i s t e d  i n  t h e  f l o o r  of Kapoho C r a t e r ,  2.5 m above  s e a  l e v e l ,  
w a s  p e r c h e d  water.)  Sounding  7 -1  i n d i c a t e s  a head  o f  +1.5 m 
and sound ing  6 - 1  i n d i c a t e s  a head  of  +0.9 m. Sounding  4-1,  

i 

L.iz 
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f o r  t h e s e  and o ther  d i r e c t  current  
LJ s o u n d i n g s . .  
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ccj 
a l t h o u g h  i t  i s  twice  as  f a r  i n l a n d  and t h e r e f o r e  i s  e x p e c t e d  t o  
show a b o u t  twice t h e  h y d r a u l i c  head ,  i n d i c a t e s  a head  of  o n l y  
+0.6 m. The a b n o r m a l l y  h i g h  h y d r a u l i c  g r a d i e n t  i n  t h e  immedia te  
Kapoho a rea  s u g g e s t s  t h e  p o s s i b i l i t y  of dike- impounded w a t e r  r a t h e r  
t h a n  p e r c h e d  g roundwate r ,  a c o n d i t i o n  s i m i l a r ,  f o r  i n s t ance ,  t o  t h e  
h y d r o l o g i c  c o n d i t i o n s  found l o c a l l y  i n  t h e  n o r t h  r i f t  zone  of  t h e  
Koolau m o u n t a i n s  on Oahu (Takasak i  and Vaaenc iano ,  1969) .  

The b u l k  r e s i s t i v i t y  of  a r o c k  w i t h  p o r o s i t y  f r a c t i o n  6 , 
s a t u r a t e d  w i t h  water of  r e s i s t i v i t y  p,, i s  g i v e n  a p p r o x i m a t e l y  
b y  t h e  e m p i r i c a l  r e l a t i o n s h i p  

m 
P = Ap,v 

(Brace  e t  a l . ,  1965; Brace and Orange,  1968;  Meidav,  1970) .  F o r  
t h e  c a s e  of  po rous  Ha-Keller ( w a n d  Manghnani 
e t  a l .  (1976) es t imate  (A, m) t o  b e  (3.5, -1 .8) ,  r e s p e c t i v e l y .  
Us ing  eq.  (1) and assuming a p o r o s i t y  f r a c t i o n  of  0.2 t o  0 .3  
( Z a b l o c k i  e t  a l . ,  1974) and a normal  s e a - w a t e r  r e s i s t i v i t y  o f  
. 1 7  t o  .2 ohm-m ( S c h l i c h t e r  and T e l k e s ,  1942; Meidav,  1970) ,  t h e  
b u l k  r e s i s t i v i t i e l s a t u r a t e d  w i t h  sea water  
r a n g e  from 5.2 t o  12.7 ohm-m. The i n t e r p r e t e d  i n d u c t i v e  res i s t i -  
v i t i e s ,  whfch r a n g e  from 5.6 t o  6.7 ohm-m f o r  t h e  normal  s t a t i o n s  
(Fig. 2 ,  T a b l e  3 ) ,  a r e  w i t h i n  t h i s  p r e d i c t e d  r a n g e ,  a l t h o u g h  on 
t h e  low s i d e .  

I n  c o n t r a s t ,  t h e  zone  o f  l o w e s t  r e s i s t i v i t y  i n t e r p r e t e d  from 
d o c .  s o u n d i n g s  g e n e r a l l y  s t a r t s  w i t h  a l a y e r  h a v i n g  a r e s i s t i v i t y  
of  a b o u t  100 t o  600 ohm-m ( T a b l e  2) .  S t a t i o n  6 6 ,  t h e  o n l y  d.c .  
sound ing  i n d i c a t i n g  an a b s e n c e  o f  t h i s  l a y e r ,  i s  a l s o  t h e  o n l y  
d i r e c t  c u r r e n t  s o u n d i n g  t h a t  i n d i c a t e d  a r e s i s t i v i t y  a p p r o a c h i n g  
t h o s e  d e t e r m i n e d  i n d u c t i v e l y .  These  h i g h e r  r e s i s t i v i t i e s  must  
mean t h a t  i f  t h e  r o c k  i s  s a t u r a t e d ,  t h e n  t h e  p o r e  waters  a r e  
much more r e s i s t i v e  h e n c e  much l e s s  s a l i n e  t h a n  sea w a t e r .  These  
r e s i s t i v i t i e s  a g r e e  r o u g h l y  w i t h  t h e  Zohdy and J a c k s o n  (1969) 
e s t i m a t e  o f  300 t o  700 ohm-m f o r  f r e s h - w a t e r  s a t u r a t e d  b a s a l t s  
and s t r e n g t h e n s  t h e  h y p o t h e s i s  t h a t  t h e  d i r e c t  c u r r e n t  s o u n d i n g  
d a t a  d e t e c t s  t h e  water t a b l e  s u r f a c e .  

The anomalous i n d u c t i v e  s o u n d i n g s  n e a r  O p i h i k a o  and A l l i s o n  
w e l l  ( T a b l e  3 and F i g u r e  2) d e t e c t e d  b u l k  r e s i s t i v i t i e s  t h a t  
a r e  low even  f o r  s e a - w a t e r  s a t u r a t e d  r o c k  a t  normal  t e m p e r a t u r e s .  
The p r o f i l e  o f  s o u n d i n g s  27 ,  28 ,  29 and 30 ,  f o r  i n s t a n c e ,  s e n s e d  
r e s i s t i v i t i e s  of  1..2 t o  4.9 ohm-m a t  e l e v a t i o n s  n e a r  sea l eve l .  
A l l i s o n  w e l l ,  l o c a t e d  n e x t  t o  sound ing  27 ,  h a s  a s t a t i c  water  
l e v e l  of  +0.6 m ,  m o d e r a t e l y  h i g h  c h l o r i d e  c o n t e n t  (2.6 p p t ) ,  and 
t e m p e r a t u r e  (39OC) and. s p e c i f i c  water  r e s i s t i v i t y  o f  1.8 t o  4 .4  
ohm-m. The b u l k  r e s i s t i v i t i e s  i n t e r p r e t e d  h e r e  a r e  n o t  s i g n i f i -  
c a n t l y  d i f f e r e n t  f rom t h e  r e s i s t i v i t y  o f  t h e  sampled w e l l  water  
a l o n e ,  i m p l y i n g  t h a t  t h e  p o r e  w a t e r s  w i t h i n  t h e  s a t u r a t e d  r o c k  
h a v e  an e f f e c t i v e  c h l o r i d e  c o n t e n t  c l o s e r  t o  t h a t  o f  s e a  w a t e r  
(35 p p t )  o r  t h a t  t h e  w e l l  t e m p e r a t u r e  i s  lower  t h a n  t h e  mean 
t e m p e r a t u r e  i n  t h e  r e g i o n  sampled by t h e  s o u n d i n g s .  L’ 
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The r e s i s t i v i t y  o f  a n  e l e c t r o l y t i c  p o r e  l i q u i d  a t  tempera-  

t u r e  T i s  r e l a t e d  t o  i t s  r e s i s t i v i t y  a t  1 8 O C  by 

P, (180 c) 
pw(T)  = (1. + 0 . 0 0 2 5  [T-l8OCl) ( 2 )  

(Dakhnov, 1962;  t h i s  e q u a t i o n  i s  r o u g h l y  v a l i d  f o r  t e m p e r a t u r e s  
l e s s  t h a n  2OO0C, as  can  b e  v e r i f i e d  b y  compar ison  w i t h  t h e  
d a t a  i n  Q u i s t  and M a r s h a l l ,  1968) .  Us ing  Meidav ' s  (1970) 
nomogram t o  combine e q u a t i o n s  ( l ) . a n d  (2) w e  f i n d  t h a t  t h e  
r a n g e  o f  o u r  i n t e r p r e t e d  r e s i s t i v i t i e s  f o r  t h e  w e l l  w a t e r ' s  
c h l o r i d e  c o n t e n t  r e q u i r e s  a t e m p e r a t u r e - r a n g e  o f  l l O o  t o  
3000C f o r  a p o r o s i t y  f r a c t i o n  o f  0 .2 ,  40 t o  14OOC f o r  a 
p o r o s i t y  o f  0.3, o r  20  to 90° f o r  a p o r o s i t y  o f  0.4. I t  i s  
a p p a r e n t  t h a t  t h e  lower  r a n g e  o f  o u r  i n d u c t i v e l y  d e t e r m i n e d  
r e s i s t i v i t i e s  i m p l i e s  p o r e  w a t e r  p r o p e r t i e s  i n  c o n f l i c t  w i t h  
t h o s e  o f  t h e  sampled w e l l  water  i f  w e  a c c e p t  a 0 .2  t o  0.3 
p o r o s i t y  f r a c t i o n  as  b e i n g  r e p r e s e n t a t i v e  f o r  t h e  area,  Bo th  
i n d u c t i v e  d a t a  and h y d r o l o g i c a l  d a t a ,  however ,  a g r e e  t h a t  
Ghyben-Herzberg z o n a t i o n  i s  n o t  p r e s e n t  h e r e .  An a n a l y s i s  o f  
t h e  t h r e e  anomalous s o u n d i n g s  n e a r  Op ih ikao  (10-1,  10-2,  and 
10-3) g i v e s  s i m i l a r  c o n c l u s i o n s ;  no  h y d r o l o g i c a l  d a t a  e x i s t  
f o r  t h e  a r e a .  

view o f  p r e v i o u s  i n d u c t i v e  and g a l v a n i c  s u r v e y s  on 
Hawaii  I s l a n d  revea ls  t h a t  i n d u c t i v e  r e s i s t i v i t y  d e t e r m i n a t i o n s  

c o r r e s p o n d i n g  a r e a s .  Between Puna and t h e  summit o f  K i l a u e a  
v o l c a n o  a s e r i e s  of  two- loop  n d u c t i o n  s o u n d i n g s  r e s o l v e d  a 
s u r f a c e  l a y e r  o f  300 t o  500 ohm-m o v e r  a l a y e r  o f  1 t o  30 ohm-m 
(Ke l l e r ,  1971) .  . J a c k s o n  and K e l l e r ,  (1972) c o n f i r m e d  t h e  
d e t e c t i o n  of  t h e  l o w e r  l a y e r  n e a r  K i l a u e a ' s  summit w i t h  a n  
i n d u c t i v e  t r a n s i e n t  s u r v e y .  I n  c o n t r a s t ,  d i r e c t  c u r r e n t  
s u r v e y s  i n  Puna have  r e s o l v e d  a s u r f a c e  l a y e r  o f  700 t o  7000 
ohm-m o v e r  a l a y e r  a 6 t o ' 8  oh , w i t h  o c c a s i o n a l  v a l u e s  as  
low a s  2 ohm-m ( K e l l e r ,  1973) .  

/ a r e  commonly lower  t h a n  g a l v a  i c  r e s i s t i v i t y  measurements  i n  .. 

a d d l e  a rea ,  i n  t a  h a v e  i n d i c a t e d  
r e s i s t i v i t i e s  be tween 3000 and 5 0 0 0  ohm-m (Kel le r ,  1971) ; 
S ch lumb e r g e r  and d i p  o 1 e - d i p  o l e  
t i v i t i e s  be tween 5 5 0 0  and 6200 

s e n s t t i v e  t o  t h e  l o n g i t u d i n a l  

and a r e  s e n s i t i v e  t o  t,he r o o t -  
,' ( p a r a l l e l  t o  t h e  p l a n e  o f  o b s e r v a t i o n ) .  D i rec t  . 

mean-square  r e s i s t i v i t y ,  Pm= 4XG where  p i s  t h e  res i s -  
t i v i t y  i n  th-e d i r e c t i o n  normal  t o  t h e  p l a n e  o f n o b s ' e r v a t i o n .  
The two methods  o f  e l e c t r i c a l  sound ing  w i l l  de te rmPne t h e  
same r e s i s t i v i t i e s  o n l y  i n  a r e a s  where t h e  e a r t h  c o n s i s t s  o f  
homogeneous; i s o t r o p i c  l a y e r s ,  e.g. where  p A  and Pn are  e q u a l  
w i t h i n  e a c h  l a y e r  ( 1966; Vanyan, 1967) .  

*LJ 
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The d i s c r e p a n c i e s  be tween i n d u c t i v e  and d i r e c t  c u r r e n t  Li 
r e s u l t s  on H a w a i i  I s l a n d  might  b e  explaPned by  an a n i s o t r o p i c  
e a r t h  model .  T h a t  v o l c a n i c  areas c a n  e x h i b i t  g r o s s  a n i s o t r o p y  
t o  a l a r g e  d e g r e e  i s  shown by a n  a n a l y s i s  o f  w e l l  l o g s  f rom t h e  
Columbia b a s a l t  p l a t e a u  (Kel le r  and R a p o l l a ,  1974) .  The c o e f f i -  
c i e n t  of. a n i s o t r o p y  f o r  t h i s  Columbia b a s a l t  s e c . t i o n  
h a s  been  c a l c u l a t e d  t o  b e  i n  e x c e s s  o f  2.  

n 

The Hawaii  s t r a t a  is composed m a i n l y  o f  t h i n ,  b a s a l t i c  
l ava  f l o w s  ( a v e r a g e  t h i c k n e s s e s  of  3 t o  8 m ,  Macdonald,  1956) 
w i t h  b r o k e n  and w e a t h e r e d  zones  between f l o w s .  To a f i r s t  a p p r o x i -  
m a t i o n  t h i s  can  b e  modeled as a r e p e t i t i o u s  a l t e r n a t i o n  of two 
l a y e r s  w i t h  r e s i s t i v i t i e s  p1 and p 2  h a v i n g  P and (1-P)  f r a c t i o n s  

of  t h e  t o t a l  s e c t i o n ,  r e s p e c t i v e l y .  I f  welassume t h a t  t h e ,  
l a y e r i n g  i s  t o o  f i n e  t o  b e  d e t e c t e d  as d i s c r e t e  s t r u c t u r e s ,  
t h e n  t h e  model  a p p e a r s  homogeneous b u t  a n i s o t r o p i c ;  and p Q  a r e  g i v e n  by  

where k i s  t h e  r e s i s t i v i t y  c o n t r a s t  (=p2/pl)  and h i s  t h e  
c o e f f i c i e n t  of a n i s o t r o p y  ( = JPn='m -- , G r a n t  and West, 1965) .  

I n  o u r  model w e  w i l l  a s s o c i a t e  p1 w i t h  t h e  r e s i s t i v i t y  i n  
P A  P A  

t h e  z o n e s  be tween f l o w  l a y e r s  o f  r e s i s t i v i t y  p2. We e x p e c t  k 
t o  b e  g r e a t e r  t h a n  1 b e c a u s e  o f  t h e  e f f e c t s  o f  i n c r e a s e d  p u r o s i t y  
and w e a t h e r i n g ,  which w i l l  lower  t h e  r e s i s t i v i t y  i n  t h e  i n t e r f l o w  

-zone. 

I n  a r e g i o n  of  t o t a l  s a t u r a t i o n  w e  w i l l  assume p 2  t o  b e  
g i v e n  by  eq .  (1). I t  is more d i f f i c u l t ,  however ,  t o  a s s i g n  a 
v a l u e  t o  p1 b e c a u s e  w e  have  no  b a s i s  t o  e v a l u a t e  t h e  i n t e r f l o w  
p o r o s i t i e s  and t h e  w e a t h e r i n g  e f f e c t s .  p i  c o u l d  have  any v a l u e  
f rom p2  downward t o  t h e  r e s i s t i v i t y  o f  t h e  p o r e  w a t e r ,  pw . I n  
many i n s t a n c e s  i n  H a w a i i  t h e  l a t e r a l  i n t e r f l o w  p e r m e a b i l i t y  is 
so  h i g h > t h a t  i t  forms t h e  p r i m a r y  c h a n n e l s  f e e d i n g  Hawai ian  type,  
" s h a f t  we l l s "  (Macdonald and A b b o t t ,  1 9 7 0 ) ;  h e n c e ,  p1 may b e  
c l o s e r  t o  p t h a n  p 2 .  
t o  pw; t h e n  t h e  r e s i s t i v i t y  c o n t r a s t  is a s i m p 1  u n c t i o n  o f  t h e  
b a s a l t  f l o w  p o r o s i t y  f r a c t i o n ,  e. g. k = 3.5 cp - f . b  . T h i s  
a s s u m p t i o n ,  i f  i n  e r r o r ,  w t l l  n o t  a f f e c t  t h e  main p u r p o s e  o f  o u r  
model  - t o  show t h e  e f f e c t s  of  a l a y e r e d  f l o w  s t r u c t u r e .  It  
w i l l ,  a t  w o r s t  o v e r e s t i m a t e  t h e  amount of i n t e r f l o w  ma te r i a l .  4 

F o r  mode l ing ,  w e  w i l l  assume p1 e q u a l  
W 

Tak ing  a r e p r e s e n t a t i v e  p o r o s i t y  f r a c t i o n  as  0 .16 ,  which  
g i v e s  a k = 100 a c c o r d i n g  t o  t h e  above a s s u m p t i o n s ,  t h e  e f f e c t i v e  
a n i s o t r o p y  .(A) c a l c u l a t e d  from eq .  (3) r a n g e s  from 1 t o  a b o u t  
5 f o r  P v a r y i n g  from 0.0 t o  1.0. An a n i s t r o p y  o f  a b o u t  1.5,  
which  would a c c o u n t  f o r  t h e  d i s c r e p a n c y  i n  o u r  d a t a  compared 
w i t h  d a t a  f rom A l l i s o n  w e l l  s a m p l e s ,  r e q u i r e d  less t h a n  1% 
(P= .01) o f  t h e  s e c t i o n  as i n t e r f l o w  m a t e r i a l .  

L. 
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Al though  w e  do n o t  have  much c o n f i d e n c e  i n  i n d  
d e t e r m i n e d  r e s i s t i v i t i e s  f o r  t h e  h i g h  r e s i s t i v i t y  o 
(see t h e  d i s c u s s i o n  i n  t h e  p r e v i o u s  s e c t i o n )  t h e  r e s u l t s  
r e p o r t e d  by  Kel ler  (1971,  1973) s u g g e s t  t h a t  a n i s o t r o p i e s  o f  
o v e r  5 may e x i s t  i n  t h e  s u r f a c e  l a y e r .  O u r  d a t a  a g r e e  w i t h  t h i s  
if w e  t a k e  o u r  minimum i n d u c t i v e  r e s i s t i v i t y  f o r  t h e  o v e r b u r d e n  
(>500 ohm-m) a s  r e p r e s e n t a t i v e  o f  t h e  i n d u c t i v e  r e s i s t i v i t y .  
These  a n i s o t r o p i e s  c a n  b e  a c c o u n t e d  f o r  i f  k i s  g r e a t e r  t h a n  
a b o u t  1000 and i f  B e q u a l s  .01. Such a l a r g e  k m i g h t  b e  
r e a l i s t i c  i f  t h e  i n t e r f l o w  zones  ac t  a s s l a t e r a l  c h a n n e l s  t o  t h e  
h o r i z o n t a l  movement of  g roundwate r  i n  t h e  p a r t i a l l y  s a t u r a t e d  
z o n e s  above  t h e  water  t a b l e .  

One i n t e r e s t i n g  r e s u l t  o f  t h e  model  s t u d i e s  i s  t h a t  , 
c o p l a n a r  two- loop  i n d u c t i v e  s y s t e m s  may u n d e r e s t i m a t e  t h e  t r u e  
l o n g i t u d i n a l  r e s i s t i v i t y .  T h i s  means t h a t  i f  d o c .  d a t a  ( g i v i n g  
9, a s  an e s t i m a t e  of  pm) and i n d u c t i v e  d a t a  ( g i v i n g  9, as a n  

es t imate  o f  p ) a r e  u s e d  t o  es t imate  t h e  c o e f f i c i e n t  o f  an i -  
s o t r o p y  a s  $,!$',, t h e n  t h i s  e s t ima te  may b e  l a r g e r  t h a n  t h e  
t r u e  c o e f f i c i e n t  o f  a n i s o t r o p y .  

I n  a p a r t i c u l a r  c a s e  ( F i g .  6) where  t h e  whole  s e c t i o n  w a s  
a r e p e t i t i o u s  l a y e r i n g  o f  60 ohm-m m a t e r i a l  (10%) and 6000 ohm-m 
m a t e r i a l  ( g o % ) ,  t h e  i n d u c t i v e  r,esponse was ,  f o r  p r a c t i c a l  
p u r p o s e s ,  i n d i s t i n g u i s h a b l e  f rom t h a t  o f  a 250 ohm-m h a l f s p a c e .  
The S c h l u m b e r g e r  d .c .  r e s p o n s e  was e s s e n t i a l l y  t h e  same as  an 
1800 ohm-m h a l f  s p a c e .  The res  o n s e  of t h e  d.c .  s y s t e m  w a s  
a s  p r e d i c t e d  by  eq.  (3) ( i . e . ,  $ m ~ p m ) ,  b u t  t h e  i n d u c t i v e  s y s t e m  
r e s p o n s e  t h e o r e t i c a l l y  d e t e r m i n e d  a r e s i s t i v i t y  8 ,  less  t h a n  
h a l f  o f  t h a t  p r e d i c t e d .  The e s t i m a t e d  a n i s o t r o p y  (9) f rom t h e  
t h e o r e t i c a l  d a t a  w a s  s l i g h t l y  ve r  7 compared t o  t h e  " t ruea1  
model  a n i s o t r o p y  ( f rom eq.  3) 

We p r o p o s e  a n i s o t r o p y  as a p l a u s i b l e  e x p l a n a t i o n  f o r  
some o f  t h e  a p p a r e n t  d i s c r e p a n c i e s  b e t w e e n  t h e  p r e s e n t  d a t a  
and sampled  w a t e r  p r o p e r t i e s  as w e l l  a s  t h e  more g e n e r a l  d i s -  
c r e p a n c i e s  be tween i n d u c t i v e  and d i r e c t  c u r r e n t  s o u n d i n g  m e a s u r e -  
ments. D e t a i l e d  w e l l  l o g g i n g  i n  Pu would h e l p  t o  e v a l u a t e  
t h i s  h y p o t h e s i s .  

CONCLUSIONS 

The i n d u c t i v e  and d i r e c t  c u r r e n t  s o u n d i n g  r e s u l t s  l e a d  
t o  t h e  f o l l o w i n g  g e o e l e c t r i c  model  f o r  t h e  u p p e r  s t r a t a  i n  
Puna: T h e r e  i s  a t h i n  s u r f a c e  l a y e r  o f  u p ' t o  8 m t h i c k n e s s  
h a v i n g  h i g h l y  v a r i a b l e  r e s i s t i v i t y  (3150 t o  34,000 ohm-m). We 
s u s p e c t  t h a t  t h i s  v a r i a b i l i t y  i s  r e l a t e d  t o  l o c a l  m i c r o s t r u c t u r a l  

t h e r i n g  among t h e  - d i f f e r e n t  
e voluminous  zone  

e x t e n d i n g  t o  t h e  s u r f a c ' e  o f  nd h a v i n g  a mean 
d i r e c t  c u r r e n t  r e s i s t i v i t y  o f  ab0 -m. From compar i son  
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F i g u r e  6 .  An example o f  a t h i n l y  l a y e r e d  s e c t i o n  
g i v i n g  r i s e  t o  l a r g e  s c a l e  e f f e c t i v e  
a n i s o t r o p y .  T h e o r e t i c a l  r e s p o n s e s  t o  
t h i s  s e c t i o n  a r e  f o r  coplanar  two- 
loop i n d u c t i v e  sys tems .  P o s s i b l e  i n t e r -  
p r e t a t i o n s  o f  t h e  t h e o r e t i c a l  d a t a  a r e  
presented  t h a t  a r e  based on t h e  non- 
a n i s o t r o p i c  model ing methods. 

i 
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"of d i r e c t  c u r r e n t  d a t a  w i t h  i n d u c t i v e  d a t a  w e  s u g g e s t  t h a t  t h i s  

c u r r e n t  t o  i n d u c t i v e l y  d e t e r m i n e d  r e s i s t i v i t i e s  f o r  t h i s  
l a y e r  i n d i c a t e s  a p o s s i b l e  c o e f f i c i e n t  o f  a n i s o t r o p y  o f  a b o u t  
5. On t h e  b a s i s  o f  o u r  mode l ing  s t u d i e s ,  w e  s u g g e s t  however ,  
t h a t  a c o e f f i c i e n t  o f  a b o u t  2.5 i s  more l i k e l y .  Such a n i s o t r o p y  
i s  p r o b a b l y  r e l a t e d  t o  t h e  e f f e c t s  of w e a t h e r i n g  and i n c r e a s e d  
v o i d  s p a c e  be tween t h e  lava  f lows .  

cc/ l a y e r  may b e  e l e c t r i c a l l y  a n i s o t r o p i c .  The r a t i o  of  d i r e c t  

/ 

I n  t h e  a reas  near  O p i h i k a o  and A l l i s o n  w e l l  (F ig .  2) t h e  
r e s i s t i v e  o v e r b u r d e n  i s  u n d e r l a i n  by  1 t o  5 ohm-m m a t e r i a l ,  as  
d e t e r m i n e d  by i n d u c t i v e  sound ing .  Fo r  o t h e r  a r e a s  a l a y e r  
of  i n t e r m e d i a t e  r e s i s t i v i t y  o f  a b o u t  100 t o  600 ohm-m i s  
u n d e r l a i n  by  a b o u t  ' 6  ohm-m m a t e r i a l .  The s t r a t a  of  i n t e r m e d i a t e  
r e s i s t i v i t y  is i n t e r p r e t e d  t o  b e  s a t u r a t e d  w i t h  f r e s h  water. 
The lower  r e s i s t i v i t y  m a t e r i a l  i s  s a t u r a t e d  b y  sea water  a t  
no rma l  t e m p e r a t u r e s  f o r  t h e  r e s i s t i v i t i e s  o f  a b o u t  6 ohm-m, o r  
a t  e l e v a t e d  t e m p e r a t u r e s  f o r  r e s i s t i v i t i e s  of  less  t h a n  5 ohm. 
It i s  l i k e l y  t h a t  c o e f f i c i e n t s  of  a n i s o t r o p y  of  a b o u t  1 .3  o r  
l e s s  a r e  a s s o c i a t e d  w i t h  t h e  s a t u r a t e d  zone .  The b a s i c  f e a t u r e s  
o f  t h i s  i n t e r p r e t a t i o n  a r e  i l l u s t r a t e d  i n  F i g u r e  7 f o r  a s e c t i o n  
s o u t h e a s t  o f  t h e  r i f t  zone  and p a r a l l e l  t o  t h e  c o a s t .  

i The s u r v e y  r e s u l t s  i n d i c a t e  t h a t  p o t a b l e  w a t e r  i n  t h e  
Kapoho a r e a  i s  r e s t r i c t e d  t o  a r e l a t i  e l y  sma l l  a rea  n e a r  
t h e  p r e s e n t  w e l l  (number 1, F i g .  2 ) '  e s u g g e s t  t h a t  t h i s  
o c c u r r e n c e  of  f r e s h  w a t e r  i s  c o n t r o l l e d  a t  l e a s t  i n  p a r t  by  
d i k e  s t r u c t u r e s  i n  t h e  r i f t  zone.  O u r  d a t a  a l s o  i n d i c a t e  t h e  

15-2 and 11-1. T h e r e  a r e  p r e s e n t l y  no w e l l s  i n  t h i s  v i c i n i t y ,  
a l t h o u g h  a w e l l  ( 9 - 7 )  a t  h i g h e r  e l e v a t i o n  abou t  2 o r  3 km w e s t  
p r o d u c e s  p o t a b l e  water and may, i n  c o n j u n c t i o n  w i t h  t h e  p r e s e n t  
d a t a ,  imp ly  t h e  e x i s t e n c e  o f  u s a b l e  water  r e s o u r c e s  f rom o u t  s i t e  
11-1 f o r  some d i s t a n c e  sou thward  and p a r a l l e l  t o  t h e  c o a s t .  

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

The anomalous i t e s  t h a t  de t ec t  w a r m  s a l i n e  waters  ( e s t i -  
mated  a t  o v e r  4 O o C  nd v e r i f i e d  a t  i s o n  w e l l  t o  b e  a b o u t  
4 O O C )  a re  g e n e r a l l y  seaward  of  rece v o l c a n i c  a c t i v i t y  i n  
t h e  r i f t  zone.' We presume t h a t  t h e s e  waters  have  come i n  
c o n t a c t  w i t h  h o t  r o c k s  i n  t h e  r i f t  and have  m i g r a t e d  coward 
t h e  sea. O u r  p r o b i n g  e p t h  w a s  i n s u f f i c i e n t  t o  p r o v i d e  es t imates  
of t h e  volume of  w a r m  o r  h o t  w a t e r  p r e s e n t  i n  t h e s e  a r e a s ;  how- 
ever t h e  r e s u l t s  a r e  u s e f u l  i n  i n d i c a t i n g  a r e a s  where  deep  
s u r v e y s  s h o u l d  b e  c o n c e n t r a t e d .  

The i n d u c t i v e  s o u n d i n g  method as  employed h e r e  was found  
p a r t i c u l a r l y  r e l i a b l e  i n  d e t e c t i n g  t h e  f r e s h - s a l t  w a t e r  i n t e r -  
f a c e ,  and t h u s  i n  d e t e c t i n g  t h e  p r e s e n c e  o r  a b s e n c e  o f  a 
Ghyben-Herzberg f r e s h  w a t e r  l e n s .  Because  of  t h e  p o s s i b i l i t y  
o f  a n i s o t r o p i c  e f . f e c t s ,  t h e  a b s o l u t e  c o n d u c t i v i t i e s  i n t e r p r e t e d  
must  b e  t a k e n  a s  uppe r  l i m i t s  on t h e  mean b u l k  c o n d u c t i v i t y  o f  
t h e  i n d u c t i v e l y  sampled r e g i o n .  The i n f e r r e d  p o r e  water  
t e m p e r a t u r e  and s a l i n i t y  e s t i m a t e s  a r e  t h e r e f o r e  n o t  a s  v a l i d  
as  t h e  d e p t h  e s t i m a t e s  t o  t h e  s a l t  water  i n t e r f a c e .  However, 
d i s t i n c t i o n  was p o s s i b l e  be tween r o c k  s a t u r a t e d  w i t h  f r e s h  

'U 
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Figure 7. A geoelectric section parallel to the coast 
from Kapoho to the southwest of Opihikao 
(see Fig. 2). p m  is the estimated resis- 
tivity from direct current soundings, 
is the estimated resistivity from the 
inductive soundings. See the discussion 
in the text regarding the anisotropy 
postulated here, and the inferred geological 
conditions associated with this diagram. 
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w a t e r ,  s e a  w a t e r ,  or  warm s e a  water .  

I n  c o n t r a s t ,  t h e  Schlumberger d i r e c t  current  method was 
a b l e  t o  d i r e c t l y  es t imate  t h e  depth t o  t h e  water t a b l e ,  but  
w i t h  spreads  of  about 1000m, i t  provided less  r e l i a b l e  e s t i -  
mates  than d i d  t h e  i n d u c t i v e  soundings on the  r e s i s t i v i t y  of  
t h e  more s a l i n e . p a r t  of  t h e  water - sa turated  column. 

. 
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c ABSTRACT 

' Electromagnetic transient soundings were made on the 
lower east rift of Kilauea volcano, in the Puna area, Hawaii. 
These soundings employ the magnetic response of the earth to 
a step function of current in a horizontal linear source. 
Interpretation of these data is based on a general inversion 
technique that uses linear comparisons between the data and 
model values. A comparative study of various interpretational 
techniques leads to the conclusion that certain of the more 
commonly used methods, which employ the reduction of transient 
voltage data to the logarithmic domain, tend to emphasize those 
data with lower amplitudes and signal-to-noise ratios that can 
prdduce unjustified complexity in the interpretations. The 
results show that the conductivity structure in Puna is verti- 
cally uniform to a depth of about 1000 m below sea level. 
There is a broad, but distinct, lateral variation in the con- 
ductivity ranging from 0.10 to 0.16 S/m in most of the survey 
area to anomalous values of 0.30 to 0.50 S/m in a zone south 
of the rift at Puu Honuaula. Groundwater temperatures in the 
anomalous zone are expected to approach 150OC. 



i 

. 

c 



125 

INTRODUCTION 

Electromagnetic transient sounding data were obtained 
on the east flank of Kilauea volcano, Hawaii (Fig. 1) in 1974 
as part of a geothermal exploration program conducted by the 
Hawaii Institute o Geophysics. The data were interpreted 
using several diff ent techniques to provide a basis for 
evaluating the transient sounding method. 

Transient sound g refers to measurements of the time- 
variations of electromagnetic fields that are generated by 
an electric source whose current is varied in a controlled 
manner with time. The source used here was a finite-length, 
horizontal line whose current was varied in the form of a 

ion (see Fig. 2). The magnetic field associated 
a source induces secondary electrical currents in 

the earth's conducting regions whose amplitude and rate of 
ecay is controlled by the subsurface conductivity structure. 
urface measurements of either the electric field or the 

associated magnetic fields in conjunction with knowledge of 
the source fields, provide hat can be used to 
determine the conductivity In this study, time- 

ions of the vertical magnetic d were measured as 
es induced in a horizontal se coil. A typical 

setup, along with idealize e source current 
and the corresponding sen6 ions, are shown 
in Figare 2. 

z 

Inductive methods, such as transient sounding, are espe- 
ly sensitive to high conductivit uch as those 

s'sociated with geothermal resources relatively 
naffected by the low overburden con ivities (Keller, 1970). 

Inductive soundings should be able to detect a conductivity 
discontinuity at a depth between 1 and 1/16 skin depth units 
of the ovdrburden with sufficient resolution to determine the 

vi'ties bothabove and be discontinuity (Mundry, 
If t.he discontinuity is llower than these limits 

then the response will th the conduct- 
ivity of the material ontinuity is 

esponse will be of a halfspace with the 

veys on Kilauea volcano's summit 
er, 1972) and lower east rift zone (Skokan, . a's Long Valley (Stanley et al., 1976) have 

he me.thod can obtain large amounts of data 



.. . . ..-.. . .. . ~ - .  . . ., 

Figure 1. Major structural features and water 
temperatures in Puna. The numbers 
above the well temperature symbols 
ate the well referenced by Roman 
numerals are geothermal test borings 
(Stearns, 1965). 
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Li f o r  g e o t h e r m a l  e x p l o r a t i o n  p u r p o s e s  b o t h  q u i c k l y  and econo-  
m i c a l l y .  However, t h e  i n t e r p r e t a t i o n s  o n  t h e  summit and e a s t  
r i f t  zone  of  K i l a u e a  were n o t  a good d e s c r i p t i o n  o f  s u b s u r f a c e  
c o n d i t i o n s  when compared w i t h  t h e  r e s u l t s  of  deep  r e s e a r c h  
d r i l l  h o l e s  i n  e a c h  a r e a  ( Z a b l o c k i  e t  a l . ,  1974;  G .  A. Macdonald,  
p e r s o n a l  communica t ion ,  1976) .  The r e a s o n  f o r  t h i s  d i s c r e p a n c y  
may b e  found i n  t h e  i n t e r p r e t a t i o n a l  t e c h n i q u e s ,  which  worked 
w i t h  t h e  l o g a r i t h m s  o f  t h e  d a t a  v a l u e s  i n s t e a d  o f  t h e  a c t u a l  
va lues .  T h i s  p r o c e d u r e  emphas izes  s m a l l  v o l t a g e s  o v e r  l a r g e  
o n e s ,  and may t h e r e f o r e  i n  t h e  p r e s e n c e  o f  n o i s e  s u g g e s t  more . 
c o m p l i c a t e d  models  . than  would b e  n e c e s s a r y  t o  f i t  t h e  d a t a .  
T h i s  p o s s i b i l i t y  prompted t h e  i n t r o d u c t i o n  and u s e  o f  a r e s t r i c -  
t e d  g e n e r a l i z e d  i n v e r s i o n  f o r  t ime-domain  d a t a ,  c a l l e d  p a r t i a l  
i n v e r s i o n .  For compar i son ,  more c o n v e n t i o n a l  i n t e r p r e t a t i o n s  
were a l s o  employed and a r e  d e s c r i b e d  h e r e .  . 

. 

G O V E R N I N G  EQUATIONS 

W e  a r e  c o n c e r n e d  w i t h  t h e  t i m e  r e s p o n s e  of a v e r t i c a l  
m a g n e t i c  f i e l d  o f  a h o r i z o n t a l  e l e c t r i c  d i p o l e  s o u r c e  on t h e  
s u r f a c e  of  a h o r i z o n t a l l y  l a y e r e d  e a r t h .  The t h e o r y  is i n i t i -  
a l l y  s t a t e d  i n  t h e  f r e q u e n c y  domain where  t h e  f i e l d  h a s  t i m e  
dependence  eiwt where  u) = 2 n f ,  f i s  i n  Hz. The f i n a l  e x p r e s s i o n  
i s  t h e  t r a n s i e n t  ( t i m e )  r e s p o n s e  t o  a s t e p  f u n c t i o n  of  c u r r e n t  
t h r o u g h  t h e  e l e c t r i c  d i p o l e  s o u r c e .  The e q u a t i o a s  h e r e  s u m -  
m a r i z e  t h e  main  r e s u l t s  g i v e n  by Vanyan (1967 ,  p .  125)  and - Wai t  
(1951,  1966) .  S I  ( r a t i o n a l i z e d  MKS) u n i t s  a r e  used  w i t h i n  a 
C a r t e s i a n  c o o r d i n a t e  s y s t e m  t h r o u g h o u t .  

We assume t h a t  t h e  e l e c t r i c  d i p o l e  i s  s i t u a t e d  a t  t h e  
o r i g i n  and o r i e n t e d  a l o n g  t h e  x - a x i s .  The s u r f a c e  of  an N- 
l a y e r e d  e a r t h  i s  a t  2-0 and t h e  l a y e r  b o u n d a r i e s  a r e  p l a n a r  
and p e r p e n d i c u l a r  t o  t h e  z - a x i s .  The u p p e r  h a l f s p a c e  h a s  t h e  
e l e c t r o m a g n e t i c  p r o p e r t i e s  of  f r e e  s p a c e  and i t s  p a r a m e t e r s  
a r e  d e n o t e d  by  t h e  s u b s c r i p t  z e r o .  A t  z = O ,  and i n  t h e  f r e q u e n c y  
domain,  t h e  v e r t i c a l  m a g n e t i c  f i e l d  ( u n i t s  of  t e s l a  = webers/m2 
i s  g i v e n  by:  

where  ci = e l e c t r i c  p e r m i t t i v i t y  ( e  = 8.854 x 10 - 1 2  f arad/m) 
0 

-7 = m a g n e t i c  p e r m e a b i l i t y  (p = 4x10 henry/m) 'i 0 

. 

L' 
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Q = c o n d u c t < i v i t y  ( s iemens /m = S/m) 

r 2  = x2  + y2 

ki 

J1 i s  a Bessel f u n c t i o n  o f  t h e  f i r s t  k i n d  and o r d e r  one  

m i s  a v a r i a b l e  o f  i n t e g r a t i o n  

i 

2 2 
= w piei + upi 

R(m)  = R O S N ( m )  - v 0 , 1  

-2diVi '(i-l),i +R i , N  (m) e 
(m) = -2diVi R i - l , N  

R ( m ) e  1 4 - v  ( i - l ) , i  i , N  

2 
v i  = m2 + i 

The s u b s c r i p t  nitl d e n o t e s  l a y e r  i. 
much l a r g e r  t h a n  e u) ( t h e  q u a s i - s t a t i c  a s s u m p t i o n )  and t h a t  
y1 = c10 f o r  a l l  l a y e r s ;  t h e r e f o r e ,  w e  a p p r o x i m a t e  k i RJ iwgLoai.  
Tke f i r s t  h a l f  i n  b r a c k e t s  f e q +  (1) i s  t h e  r e s p o n s e  o f  a 
h a l f s p a c e  o f  c o n d u c t i v i t y  . The s e c o n d  h a l f  i s  t h e  p e r t u r -  
b a t i o n  r .esponse  due  t o  l a y  

W e  assume t h a t  ai w i l l  b e  

i 

F o r  t h e  s e t u p  o f  F i g u r e  2 ,  t h e  v e r t i c a l  m a g n e t i c  r e s p o n s e  
o f  t h e  e a r t h  t o  a s t e p  f u n c t i o n  o f  c u r r e n t  i n  t h e  s o u r c e  d i p o l e  
i s  measu red  as a v o l t a g e  i n d u c e d  i n  a w i r e  c o i l .  Thus t h e  c o i l  

The t i m e  f u n c -  

t i o n ,  b Z ( t ) ,  
F o u r i e r  t r a n s f o r m .  The s t e p  f u n c t i o n  o f  c u r r e n t  a t  t h e  s o u r c e  
i s  z e r o  f o r  n e g a t i v e  t i m e s  and a p o s i t i v e  c o n s t a n t  f o r  t i m e s  
g r e a t e r  t h a n  o r  e q u a l  t o  z e r o .  
quency domain i s  t h e n  l / i w ,  so 

r e s p o n d s  to- a b z ( t )  r a t h e r  t h a n  s i m p l y  b z ( t ) .  a t  
i s  r e l a t e d  t o  B Z ( f )  o f  e q .  1, by a n  i n v e r s e  

The s o u r c e  f u n c t i o n  i n  t h e  f r e -  
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E q u a t i o n s  (4) and (5) have  p r o p e r t i e s  w e  m u s t  n o t e  a t  t h i s  
U 

s t a g e  a s  t h e y  a r e  c r i t i c a l  t o  t h e  j u s t i f i c a t i o n  of  t h e  i n v e r s i o n  
scheme d i s c u s s e d  l a t e r .  For  t h e  h a l f s p a c e  r e s p o n s e ,  eq. (4), 
i f  one  s t a r t s  a t  some f i n i t e ,  p o s i t i v e  t i m e ,  

l i m  - lim 2 b '(t) = 31Y 
u 4 =  a t  z 5 a b '(t) = t 4 0  a t  z 

5 
The h a l f s p a c e  t r a n s i e n t  r e s p o n s e  r i s e s  from z e r o  t o  31y /2no l r  
a t  z e r o  t i m e  and s u b s e q u e n t l y  d e c a y s  b a c k  t o  z e r o  w i t h  i n c r e a s -  
i n g  t i m e .  F o r  t h e  p e r t u r b a t i o n  r e s p o n s e ,  eq.  ( S ) ,  i f  one  a g a i n  
s t a r t s  a t  some f i n i t e ,  p o s i t i v e  t i m e ,  

(w)  = 0 P 1 i m  P a bZ (t) = ' u ) - . r c o  B Z  1 i m  
t- 0 

p ( w )  = 0 P l i m  
lim a b (t) = w 4 0  B Z  t+= b t z  

where  w e  n o t e  t h a t  

BZP(W) r) dm (11) 

, i s  e q u i v a l e  o t h e  f i r s t  h a l f  o f  eq. (1) (Wai 1951) .  The 
p e r t u r b a t i o n  r e s p o n s e  i s  z e r o  a t  t i m e  z e r o .  Fo r  two 
l a y e r s ,  i t  d e p a r t s  f rom z e r o  a f t e r  t i m e  z e r o ,  b u t  i t  
w i t h  r e s p e c t  t o  t i m e  ( t h e  ,sum of  t h e  d e v i " a t i o n s  from z e r o )  an'd 
t h e  p e r t u r b a t i o n  r e s p o n s e  e l f  a p p r o a c h e s  z e r o  a s  t i m e  
i n c r e a s e s .  

W 
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DATA ACQUISITION AND ANALYSIS L, - 
The m a g n e t i c  t r a n s i e n t  s o u n d i n g  t e c h n i q u e  u s e d  h e r e  

employed as  a c u r r e n t  s o u r c e  a s i n g l e  w i r e  f rom 400 m t o  1.4 ? 

km l o n g ,  which  was grounded a t  e a c h  end w i t h  20 t o  40 s t e e l  
s t a k e  e l e c t r o d e s  (>about  0 . 5  m long)  c o n n e c t e d  i n  p a r a l l e l .  
E l e c t r i c a l  g round c o n t a c t s  were improved b y  s o a k i n g  t h e  s o i l  
a round  t h e  s t a k e s  w i t h  a m i x t u r e  a f  s a l t e d  water and h i g h l y -  
c o n d u c t i v e  d r i l l i n g  mud. Power was s u p p l i e d  by  a t h r e e - p h a s e ,  
15-KVA d i e s e l  g e n e r a t o r  t h r o u g h  a r e c t i f i e r  and au tomat i c  
s o l i d - s t a t e  s w i t c h e r  c o n n e c t e d  i n  se r ies  w i t h  t h e  grounded 
l i n e .  D u r i n g  o p e r a t i o n s ,  t h e  l i n e  v o l t a g e  w a s  k e p t  c o n s t a n t  
a t  n e a r l y  1000 v so t h e  c u r r e n t  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  
t h e  r e s i s t a n c e  measured  be tween t h e  e l e c t r o d e s .  Due t o  t h e  
h i g h  r e s i s t i v i t y  of  s u r f a c e  r o c k s  i n  Puna ,  c u r r e n t s  o f  o n l y  
2 t o  6 A were r e a l i z a b l e ,  a l t h o u g h  t h e  equipment  i s  c a p a b l e  
o f  p r o d u c i n g  up t o  15  A. The s w i t c h e r  a u t o m a t i c a l l y  t u r n e d  
t h e  c u r r e n t  on and o f f  a t  a h a l f - p e r i o d  o f  a b o u t  8.5 sec ,  p r o -  
d u c i n g  a c o n t i n u o u s  s q u a r e  wave s i g n a l .  T h i s  p e r i o d  i s  l o n g e r  
t h a n  t h e  t i m e  r e q u i r e d  f o r  t h e  t r a n s i e n t  r e s p o n s e  t o  decay  t o  
n e g l i g i b l e  v o l t a g e  l e v e l s ,  s o  t h e  s t e p  f u n c t i o n  i d e a l i z a t i o n  
i s  v a l i d .  

V a r i a t i o n s  o f  t h e  v e r t i c a l  m a g n e t i c  f i e l d  g e n e r a t e d  b y  
t h i s  s o u r c e  were r e c o r d e d  as  v o l t a g e s  i n d u c e d  i n  a s q u a r e  c o i l  
o f  w i r e  l a i d  h o r i z o n t a l l y  on t h e  g round .  The v o l t a g e  i n d u c e d  
i n  t h e  c o i l ,  v ( t ) ,  i s  r e l a t e d  t o  t h e  a v e r a g e  m a g n e t i c  f i e l d  
w i t h i n  t h e  c o i l  by 

= NA 
a 
7 a t  

where  N i s  t h e  number of  t u r n s  of  w i r e  i n  t h e  c o i l ,  A i s  t h e  
a r ea  e n c l o s e d  by t h e  c o i l ,  and b ( t)  i s  t h e  mean t r a n s i e n t  

c o i l .  The c o i l  had  42  t u r n s  v e r t i c a l  m a g n e t i c  f i e l d  i n  t h e  
e n c l o s i n g  a b o u t  5800111~. 
t h r o u g h  a o n e - p o l e ,  low-pass  f i l t e r  ( c o r n e r  f r e q u e n c y  o f  4 Hz) 
and two b a n d - r e j e c t e d  f i l t e r s  ( t o  r e j e c t  60  t o  120 Hz) t o  
r e d u c e  n a t u r a l  ambien t  and 60-Hz c u l t u r a l  n o i s e .  The f i l t e r e d  
s i g n a l  was r e c o r d e d  by a H e w l e t t - P a c k a r d  o s c i l l o g r a p h i c  c h a r t  
r e c o r d e r  c a p a b l e  of  d e t e c t i n g  one  m i c r o v o l t  and r e c o r d i n g  a t  
s p e e d s  up t o  125 m m / s e c .  

Z 

The t r a n s i e n t  c o i l  v o l t a g e s  were p a s s e d  

From t h e  c h a r t  r e c o r d s  f o r  e a c h  s o u n d i n g ,  be tween  7 and 
12  t r a n s i e n t s  ( d e f i n e d  as  t h e  v o l t a g e  r e s p o n s e  t o  a s i n g l e  c u r -  
r e n t  s t e p  a t  t h e  s o u r c e )  were m a n u a l l y  d i g i t i z e d  a t  4-msec 
i n t e r v a l s  f o r  up t o  one  s e c o n d .  S i n c e  e a c h  t r a n s i e n t  was a ; 

r e p e a t  measurement  o f  t h e  same r e s p o n s e ,  t h e y  were s t a c k e d  t o  
r e d u c e  n o i s e  and o b t a i n  a n  a v e r a g e  r e s p o n s e ,  B ( t ) .  The s t a c k i n g  
a l l o w e d  an  e s t i m a t i o n  of  t h e  d a t a  v a r i a n c e ,  L i  



u = l  tal 
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where  k i s , t h e  number of t r a n s i e n t s  b e i n g  s t a c k e d ,  nu i s  t h e  
number o f  v o l t a g e  samples  f o r  t r a n s i e n t  u, v u ( t i )  fs t h e  v o l -  
t a g e .  a t  t i m e ,  t i ,  (i=l, 2 ,  . - . n  ) f o r  t r a n s i e n t  u ,  v ( t i )  i s  t h e  
a v e r a g e  v o l t a  e a t  t i m e  t i ,  an8  v i s  t h e  number o f  d e g r e e s  of  
f reedom f o r  sg g i v e n  by: 

k 
(14) 

(Drape r  and S m i t h ,  1966) .  The s i g n a l - t o - n o i s e  r a t i o ,  d e f i n e d  
a s  t h e  l a r g e s t  o b s e r v e d  v o l t a g e  d i v i d e d  by t h e  d a t a  s t a n d a r d  
d e v i a t i o n ,  s, r anged  from 4.2 t o  74.6 and a v e r a g e d  abou t  12 .  

The a v e r a g e d  t r a n s i e n t ,  v ( t ) ,  i s  n o t  t h e  d e s i r e d  e a r t h  
r e s p o n s e  b e c a u s e  t h e  s i g n a l  i s  d i s t o r t e d  by t h e  m e a s u r i n g  e q u i p -  
ment .  The t r a n s i e n t  s i g n a l  m u s t  b e  compensated f o r  t h e  e f f e c t  
o f  t h i s  d i s t o r t i o n  b e f o r e  f u r t h e r  a n a l y s i s .  The d i s t o r t i o n  
was e s t i m a t e d  i n  t h e  l a b o r a t o r y  as t h e  i m p u l s e  r e s p o n s e  of t h e  
f i l t e r s  and t h e  c h a r t  r e c o r d e r ,  d e n o t e d  I ( w ) .  A f t e r  s t a c k i n g ,  
e a c h  t r a n s i e n t  was t r a n s f o r m e d  t o  t h e  f r e q u e n c y  domain, compen- 
s a t e d  u s i n g  t h e  r e l a t i o n  

where  E ( w )  i s  t h e  e a r t h  r e s p o n s e  and V(W) i s  t h e  F o u r i e r  t r a n s -  
and t r a n s f o r m e d  back  t o  t h e  t ime-domain.  

I t  t a c k i n g  compensa t ion  p r  
c r i b e d  above  s h o u l d  b e  t h e  t r u e  e a r t h  r e s p o n s e .  The r , e s u l t a n t  
t r a n s i e n t s ,  however ,  were  " n o i s i e r t f  t h a n  when o r i g i n a l l y  
measu red ,  due  t o  a l i a s i n g  o f  t h e  o r i g i n a l  t r a n s i e n t  d a t a .  The 
h i g h e s t  f r e q u e n c y  r e s o l v a b l e  f o r  a t r a n s i e n t  sampled  a t  4-msec 
i n t e r v a l s  i s  125 Hz. The f i l t e r s  u s e d  i n  r e c o r d i n g  p roduced  
37-db a t t e n u a t i o n  a t  125 Hz, w h i l e  t h e  dynamic r a n g e  of  t h e  
r e c o r d e r  was n e a r l y  60 db.  The r e c o r d e d  t r a n s i e n t s  c a n  t h u s  
c o n t a i n  s i g n i f i c a n t  amounts o f  i n f o r m a t i o n  a t  f r e q u e n c i e s  
h i g h e r  t h a n  t h e  d i g i t a l  N y q u i s t  l i m i t  o f  125  Hz which  a r e  f o l d e d  
back  o n t o  t h e  t r a n s f o r m e d  d i g i t i z e d  t r a n s i e n t  ( J e n k i n s  and Watts ,  
1 9 6 8 ) .  The f r e q u e n c y  r e g i o n  most  a f f e c t e d  was between 35 and '  
125  Hz ( t h i s  r a n g e  was e m p i r i c a l l y  d e t e r m i n e d ) .  T h i s  p rob lem 
was n o t  r e a l i z e d  u n t i l  a f t e r  t h e  d a t a  had  been  c o l l e c t e d .  The 
remedy w a s  t o  d e l e t e  t h e  most  a l i a s e d  d a t a ;  t h u s ,  i n  t h e  f i n a l  

W 
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compensa t ion  p r o c e d u r e ,  a l l  components f o r  f r e q u e n c i e s  h i g h e r  
t h a n  35 Hz were s e t  t o  z e r o  b e f o r e  t r a n s f o r m a t i o n  back  t o  t h e  
t i m e  domain. T h i s  p r o c e d u r e  i s  e q u i v a l e n t  t o  low-pass  b o x c a r  
f i l t e r i n g  i n  t h e  f r e q u e n c y  domain. 

The e a r t h  r e s p o n s e ,  now sampled a t  4-msec i n t e r v a l s  ( e . g , ,  
a t  4 ,  8,  1 2 ,  1 6 ,  20,  24 msec) ,  w a s  r e sampled  a t  g e o m e t r i c  i n t e r -  
v a l s  < e . g . ,  a t  4 ,  8 ,  1 6 ,  32 ,  64 msec), which  s h o r t e n e d  t h e  d i g i t a l  
s e r i e s  from be tween 125 and 250 p o i n t s ,  t o  be tween 20 and 30 
p o i n t s ,  and t h u s  w a s  more economica l .  F i r s t ,  t h e  p o r t i o n  o f  
e a c h  t r a n s i e n t  i n  which i n i t i a l  b u i l d - u p  o c c u r r e d  (usu .a l ly  
w i t h i n  t h e  f i r s t  20 msec) w a s  d i s c a r d e d ,  l e a v i n g  o n l y  t h e  
t r a n s i e n t ' s  l o n g  decay .  The b u i l d - u p  w a s  removed b e c a u s e  i t  i s  
p r i m a r i l y  t h e  r e s u l t  o f  t h e  l o w - p a s s , b o x c a r  f i l t e r i n g  and i s  t h u s  
n o t  r e p r e s e n t a t i v e  o f  t h e  e a r t h  r e s p o n s e .  Second,  t h e  r e m a i n i n g  
d e c a y  was a v e r a g e d  a r i t h m e t i c a l l y  o v e r  a band two i n t e r v a l s  w ide  

I e x t e n d i n g  from t h e  t i m e  

(4 msec) x 10 *07( i -1) ,  i = 1 0 ,  11, 1 2 ,  ... 
t o  t h e  t i m e  ( 4  msec) x 10 .07 ( i+1)  , i = 1 0 ,  11, 1 2 ,  . . ., 
r e s u l t i n g  i n  a s h o r t e n e d  d i g i t a l  t r a n s i e n t  r e sampled  a t  t h e  
t i m e s  

i 

.07 i (4 msec) x 10 , i = 1 0 ,  11, 1 2 ,  ... 

T h e  l o g a r i t h m i c  i n t e r v a l  o f  0.07 was used  s o  t h a t  none  o f  t h e  
sampled i n t e r v a l s  i s  e v e r  s h o r t e r  t h a n  4 ms.ec be tween 20 msec 
and 1 s e c .  

J a c k s o n  and K e l l e r  (1972) used  a f i l t e r  s i m i l a r  t o  t h i s  
one  t o  t r a n s f o r m  t h e i r  a r i t h m e t i c a l l y  sampled t r a n s i e n t s  t o  
g e o m e t r i c a l l y  sampled o n e s ,  w i t h  t h e  i m p o r t a n t  e x c e p t i o n  t h a t  
t h e  t r a n s i e n t  was a v e r a g e d  l o g a r i t h m i c a l l y ,  a s :  

- m l / m  a = ( TT ai)  
i=l Y 

r a t h e r  t h a n  a r i t h m e t i c a l l y ,  

L' 
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V 
9 as  was d o n e  h e r e .  T h e i r  u s e  o f  t h e  l o g a r i t h m i c  a v e r a g e  

a p p e a r s  j u s t i f i e d  b e c a u s e  t h e  l o g a r i t h m i c  a v e r a g e  is e q u i -  
v a l e n t  t o  a v e r a g i n g  t h e  t r a n s i e n t  as  i t  a p p e a r s  o n  a b i l o -  

l o g a r i t h m i c  - a v e r a g e  c a n  r e n d e r  i t s  e s t i m a t e s  v e r y  i n a c c u r a t e .  
The  most  o b v i o u s  d i f f i c u l t y  is w i t h  n e g a t i v e  n u m b e r s ,  w h i c h  
commonly o c c u r  i n  n o i s y  d a t a .  I n  t h i s  case ,  t h e  r o o t  o f  t h e  
l o g a r i t h m i c  a v e r a g e  e x p r e s s i o n  a b o v e  may n o t  b e  r e a l  n u m b e r s .  

* g a r i t h m i c  p l o t .  However, p a r t i c u l a r  p r o p e r t i e s  on  t h e  

INTERPRETATIONS 

e t a t i o n  m e t h o d s  h a v e  b e e n  u s e d  f o r  t r a n s i e n t  
s o u n d i n g  d a t a .  Many o f  t h e s e  t e c h n i q u e s ,  a s  w e l l  as t w o  new 
'ones ,  were u t i l i z e d  f o r  t h e - 1 7  s o u n d i n g s  c o n s i d e r e d  h e r e  (see 
F i g ,  3 a n d  T a b l e  1). The  c o n v e n t i o  t e c h n i q u e s  u s e d  were 
l o g a r i t h m i c  c u r v e - m a t c h i n g  a n d  e a r l  i m e  and  l a t e - t i m e  asymp- 
t o t e  e v a l u a t i o n .  The  new t e c h n i q u e  e r e  p a r t i a l  i n v e r s i o n ,  
w h i c h  c a n  b e  u s e d  t o  d e t e r m i n e  t h e  t h a l f s p a c e  r e s p o n s e ,  
and  a h a l f - a m p l i t u d e  d e c  i c h  c a n  b e  u s e d  i n  
t h e  f i e l d  f o r  q u i c k  d e t e  e n t  c o n d u c t i v i t y .  

B o t h  t h e  l o g a r i t h m i  d p a r t i a l  i n v e r s i o n  
o d s  u s e  t h e  sounding d a t a  t o  d e t e r m i n e  s u b s u r f a c e  l a y e r i n g  

b y  m i n i m i z P n g  t h e  d i f f  eFces b e t w e e n  t h e  d a t a  a n d  m o d e l s .  The 
d i f f - e r e n c e  b e t w e e n  t h e  wo a p p r o a c h e s  i s  i n  t h e i r  m i n i m i z a t i o n  
c r i t e r i a .  W i t h  c u r v e - m a t c h i n g ,  o n e  m i n i m i z e s  t h e  sum o f  s q u a r e s  
o f  t h e  l o g a r i t h m i c  r e s i d u a l s :  

S 
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Figure  3 .  Current source  and sensor  c o i l  l o c a t i o n s  
f o r  t h e  soundings i n t e r p r e t e d  i n  t h i s  
r e p o r t .  
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Table 1. P r i n c i p a l  f a c t s :  Puna t r a n s i e n t  data  

U '  n - 1  2 Sounding Source  r (m) r / i  c o s  (y/r) s (x10") 

1 1 1678 2 . 4  75 84 .40  
3 1 2620 3 . 8  66 1.36 
5 1 2750 4 . 0  7 1  33 .90  
6 1 3140 4 . 6  65 2 .05  
7 1 2500 3 . 6  60 9 .27  

14 2 2040 3 . 3  64  2 .16  
15 2 3500 5 . 6  54  .45  
16 2 3100 5 . 0  82 1 .89  
23 3 1290 2 . 3  78 15 . O O  

2 4  3 2450 4 . 3  90 5 . 3 1  

1301 
1203 
1318 
1272 

906 
794 

1899 
2350 
1188 
2591 

4 * 1780 1 . 8  72 8 . 9 0  879 
26 4 2 . 1  80 10.60 990 
27 4 3290 3 .3  82 8 .00  1589 

- 2 8  4 2650 2 .7  .7 2 10 .70  1224 
29 4 3 3. 62  19 .70  1101 
30 4 - 4460 4 . 5  80 .69  2098 
31  3700 3 . 7  . 6 3  1 .07  1702 

25 I 

17 
19 
20 
2 1  
15 
20 
21 
19 
19 
25 
18 
20 
17J 
19 
16 
24 
23 

e f i n i t i o n  o f  t h e  paramete The equat ions  refer t o  t h e  main t e x t .  
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i L where  si2 i s  t h e  var ianc 'e  of  V ( t i ) .  
g e n e r a l  l e a s t - s q u a r e s  m i n i m i z a t i o n  c r i t e r i o n  (Drape r  and Smi th ,  
1966) .  E q u a t i o n  (18) i s  s i m i l a r  t o  a s p e c i a l  c a s e  o f  eq.  (19)  
where t h e .  d a t a  s t a n d a r d  d e v i a t i o n ,  s i ,  i s  a lways  p r o p o r t i o n a l  
t o  Y ( t  ) .  T h i s ' s i t u a t i o n  i s  a p p r o x i m a t e l y  c o r r e c t  i n  r e s i s t i v i t y  
work where  t h e  d a t a  a r e  g e n e t a l l y  measured  w i t h  a c b n s t a n t  
r e l a t i v e  p r e c  i o n , , s a y  5 % .  F o r  t h i s  example ,  eq.  

E q u a t i o n  (19) i s  t h e  
. 

1 : 

f ( t i , 3  2 
I "  (20) 

W t i )  
1 

' (o .05 )2  i=l 
. ,  

' \  

The above  e x p r e s s i o n  and eq .  (18) a r e  b o t h  min imized  by h a v i n g  
t h e  r a t i o s  o f  d a t a  and model  v a l u e s  a p p r o a c h  u n i t y ,  r a t h e r  t h a n  
h a v i n g  t h e i r  d i f f e r e n c e s  a p p r o a c h  z e r o  as  i n  e q .  ( 1 9 ) .  T r a n s i e n t  
s o u n d i n g  d a t a ,  however ,  a r e  u s u a l l y  measu red  w i t h  a c o n s t a n t  
a b s o l u t e  p r e c i s i o n  o f  p e r h a p s  5 p v  and s h o u l d  u s e  e q .  ( 1 9 ) ,  as  
s u c h  c o n d i t i o n s  do n o t  f i t  i n t o  t h e  s p e c i a l  c a s e  o u t l i n e d  above .  

The l o g a r i t h m i c  c u r v e - m a t c h i n g  and p a r t i a l  i n v e r s i o n  u s e d  
h e r e  d i f f e r s  from t h a t  o f  cu rve -ma tch ing  methods  i n  most  r e s i s -  
t i v i t y  i n t e r p r e t a t i o n  s t u d i e s  i n  t h a t  t h e  s h a p e  and a m p l i t u d e  
o f  t h e  t r a n s i e n t  d a t a  were i n t e r p r e t e d  i n d e p e n d e n t l y  and e v a l u -  
a t e d  on t h e i r  s e p a r a t e  m e r i t s .  S t u d i e s  of t h e  e f f e c t s  of  v a r i o u s  
k i n d s  of  e r r o r s  on  r e s i s t i v i t y  d e t e r m i n a t i o n  from t r a n s i e n t  d a t a  
(Vanyan, 1967,  p .  201) show t h a t  t h e s e  e r r o r s  a f f e c t  t r a n s i e n t  
a m p l i t u d e s  and s h a p e s  d i f f e r e n t l y .  F o r  example ,  t h e  e q u a t i o n s  
o f  t r a n s i e n t  s o u n d i n g  g e n e r a l l y  assume i n f i n i t e s t i m a l ,  h o r i z o n -  
t a l  c u r r e n t  s o u r c e  and w i r e  c o i l  r e c e i v e r .  T h i s  a p p l i e s  t o  
p r a c t i c a l  cases  f o r  which  t h e  m a x i m u m  d i m e n s i o n  o f  e i t h e r  s o u r c e  
o r  r e c e i v e r  i s  l ess  t h a n  o n e - f i f t h  t h e  d i s t a n c e  be tween  them 
(Keller and F r i s c h k n e c h t ,  1966,  p .  2 8 8 ) .  H a l f s p a c e  model  s t u d i e s  
on t h e  e f f e c t  of f i n i t e  s o u r c e  l e n g t h  (Kauah ikaua ,  1976,  Appendix 
A) show t h a t  when t h e  s e p a r a t i o n - l e n g t h  c o n d i t i o n s  a r e  n o t  f u l -  
f i l l e d ,  t h e  t r a n s i e n t s  w i l l  s t i l l  have  t h e  s h a p e  as p r e d i c t e d  
by  t h e  i n f i n i t e s i m a l  c u r r e n t - s o u r c e  t h e o r y  b u t  t h e y  w i l l  n o t  
have  t h e  same a m p l i t u d e s .  S e p a r a t e  r e s i s t i v i t y  i n t e r p r e t a t i o n s  
by t h e  u s e  o f  a m p l i t u d e  and s h a p e  w i t h  n o i s y  d a t a  w i l l  d i f f e r  
f rom e a c h  o t h e r .  I f  r e s i s t i v i t y  d e t e r m i n a t i o n  from s h a p e ' a n d  
a m p l i t u d e  were c o n s t r a i n e d  t o  y i e l d  t h e  s a m e  s u r f a c e  l a y e r  
r e s i s t i v i t y ,  as Skokan (1974) h a s  s u g g e s t e d ,  t h e n  t h e  d a t a  m i g h t  
b e  i n t e r p r e t e d  , t o  s u g g e s t  two l a y e r s ,  when i n  r e a l i t y  t h e  
r e s p o n s e  would b e s t . b e  i n t e r p r e t e d  a s  a h a l f s p a c e .  E r r o r s  i n  
t h e  measurement  o f  s o u r c e  l e n g t h ,  c u r r e n t ,  r ece ive r  c o i l  a r e a ,  
o r  o r i e n t a t i o n  c a n  a l s o  have  l a r g e  e f f e c t s  upon t h e  a m p l i t u d e  
o f  a t r a n s i e n t ,  b u t  r e l a t i v e l y  s m a l l  e f f e c t s  upon i t s  s h a p e .  
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The most promising interpretation technique for deter- 
mining layered conductivity structure from electromagnetic 
sounding data is nonlinear regression or inversion. The value 
of the method is its ability to determineanot only the layer 
parameters, but also their variances and covariances (Glenn 
et al,, 1973; Inman, 1975). This approach has not previously 
been applied to transient data. 

For full transient data inversion, one seeks the set of 
parameters (layer conductivities and thicknesses) for which 
the sum-of-squases function (eq. 19) is minimized. The model 
function f(ti, 0) is given in general by: 

which follows from eqs. (4), (5), and (12). 

Many algorithms have been developed for automatically 
minimizing expressions like eq. (19) but they all resuire 
iterative evaluations of the model functions, f(ti, e), and 
its derivatives with respect to the parameters for each inver- 
sion. For full inversion, each model and derivative evaluation 
would require the numerical computation'of a double integral. 
The method of partial inversion, on the other hand, separates 
the halfspace and perturbation components (see eq. 3a) of the 
data for separate analysis (Yost, - 1952). The method allows 
full quantitive treatment of the upper layer problem and 
semiquantitative treatment (equivalent to curve matching) for 
interpretation of deeper layering, and does not require expen- 
sive numerical evaluation of complicated model functions. 

The transient data are inverted to determine the  best-fit 
halfspace response with the following model (see eq. 4): 

2 
2 u3) e-u 1 (22) 2 

f(t,,e) = el + e2 [erf(u) - - (u + 
I f i  

where 

n 

0 3 -  r m  , 

w 



14 0 

. .  
and 81 is i n c l u d e d  t o  d e t e r m i n e  t h e  b a s e  v o l t a g e  datum ( t h e  
ambien t  v o l t a g e  upon which  t h e  t r a n s i e n t  v o l t a g e  is s u p e r -  
imposed) .  T h i s  p a r a m e t e r ,  a l lows t h e  f o l l o w i n g  c o n d i t i o n  
t o  b e  s a t i s f i e d  

n 
( 2 3 )  

a A 1 * ) 2  €+(ti) - f ( t i ,  ;)I = 0 = s ( e ) I s  = 3 . 
i=l 

The d e r i v a t i v e s  a r e  

a 2 3 -  

n - 1  
2 S ( 3 )  = - 2 )  (Si) [ V ( t i )  - f ( t i ’  f ( t i 3 )  

a s  i21 

where 

E q u a t i o n  ( 2 3 )  a l o n g  w i t h  e q .  (10)  a r e  s u f f i c i  n t  r e a s o n s  
t o  b e l i e v e  t h a t  t h e  i n v e r s i o n  c a n  c o r r e c t l y  e s t i m a t e  t h e  
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p a r a m e t e r s  o f  t h e  f i r s t  l a y e r ,  and t h a t  t h e  r e s u l t a n t  r e s i d u a l s ,  
d e f i n e d  by 

w i l l  c o n t a i n  t h e  p e r t u r b a t i o n  o f  any  d e e p e r  y e r s  a l o n g  W i  
n o i s e .  T h i s  c o n c l u s i o n  f o l l o w s  o n l y  i f  t h e  t r a n s i e n t  i s  
sampled  o v e r  a t i m e  s p a n  s u f f i c i e n t  t o  i n c l u d e  t h e  b e g i n n i n  
and end o f  t h e  p e r t u r b a t i o n .  The r e s i d u a l s  c a n  t h u s  b e  u s e  
t o  e s t i m a t e  t h e  d e e p e r  l a y e r  p a r a m e t e k s .  

Davidoa’ i  method ( F l e , t c h e r  an‘d P o w e l l ,  1963) was chosen  
a s  t h e  i n v e r s i o n  a l g o r i t h m  b e c a u s e  i t  h a s  q u i c k  and s t a b l e  ’ 

c o n v e f g e n c e + p r o p e r t i e s  and i t  est imates  t h e  s e c o n d  d e r i v a t i v e s  
o f  S(0) a t  8 f o r ,  t h e  p r o p e r  c o m p u t a t i o n  o f  n o n - l i n e a r  p a r a m e t e r  
c o v a r i a n c e s  (Beal -’ 1960) .  B e f o r e  i n v e r s i o n ,  t h e  d a t a  were 
s c a l e d  s o  t h a t  e l ,  Q2 and 0 would a l l  b e  of  e q u i v a l e n t  magni-  
t u d e ,  a s  s u g g e s t e d  by - Bard q1963) f o r  improved c o v e r g e n c e .  

To c h a r a c t e r i z e  t h e  p e r t u r b a t i o n  r e s p o n s e ,  s e v e r a l  two- 
l a y e r  model  p e r t u r b a t i o n  r e s p o n s e s  were c a l c u l a t e d  u s i n g  a 
compute r  program m o d i f i e d  f rom Skokan (1974) .  The model res -  
p o n s e s  a l l  showed an  i n i t i a l  peak  f o l l o w e d  by a s m a l l e r  peak  
o f  o p p o s i t e  p o l a r i t y  ( a  sample  i s  p l o t t e d  i n  F i g .  4 ) .  The 
p o l a r i t y  o f  t h e  i n i t i a l  p e a k  i n d i c a t e s  w h e t h e r  t h e  r a t i o  

< l ) .  The peak  a m p l i t u d e  i nc reases  a s  02/01 d e p a r t s  f rom u n i t y .  
F o r  a c o n s t a n t  o 2 / a 1 ,  t h e  peak  a m p l i t u d e  d e c r e a s e s ’  a p p r o x i m a t e l y  
e x p o n e n t i a l l y  s n d  i t s  a r r i v a l  t i m e  increases  l i n e a r l y  w i t h  
i n c r e a s i n g  s u r f a c e  l a y e r  t h i c k n e s s .  S i n c e  s u r f a c e  l a y e r  t h i c k -  
n e s s  and a2/a a r e  u n i q u e l y  d e f i n e d  by  t h e  p o l a r i t y ,  a m p l i t u d e ,  
and a r r i v a l  t t m e  o f  t h e  i n i t i a l  p e a k ,  t h i s  i n f o r m a t i o n  i s  p l o t -  
t e d  i n  F i g u r e  4 ,  which  c a n  6e u t i l i z e d  t o  i n t e r p r e t  r e s i d u a l s  
if t h e  d a t a  q u a l i t y  a l l o w s ’ ( t w o  d a t a  t e s t s  a r e  d e s c r i b e d  be low) .  

i s  g r e a t e r  t h a n  o r  l e s s  t h a n  u n i t y  ( p o s i t i v e  f o r  cr /a O 2 4  2 1  

I f  t h e  r e s i d u a l s  a r e  more t h a n  n o i s e  and a p e r t u r b a t i o n  
model r e s p o n s e  s h a p e  i s  d i s c e r n i b l e ,  t h e  n o r m a l i z e d  t i m e  o f  
t h e  i n i t i a l  p e a k  maximum, d e f i n e d  by 

7 ’  (26) 

W 
, 

t 



I 

I 
0.4 

F i g u r e  4. P o l a r i t y  a n d  m a g n i t u d e  o f  t h e  f i r s t  p e a k  maximum 
of  t w o - l a y e r  p e r t u r b a t i o n  r e s p o n s e s  ( e q .  37) 
p l o t t e d  v e r s u s  a r r i v a l  t i m e .  T h e  s a m p l e  p e r t u r -  

a n d  d / r  = 0.375. The a b s c i s s a  i s  s c a l e d  t o  
n o r m a l i z e d  t i m e ,  T = 2 t / p , , a  r 2 .  F o r  c o m p a r i s o n  
w i t h  n o i s e  a m p l i t u d e s ,  t h e  h r d i n a t e  would  b e  e q u i -  
v a l e n t  t o  t h e  r e c i p r o c a l  o f  t h e  n o i s e  r a t i o .  

b a t i o n  r e s p o n s e  i s  f o r  t h e  c a s e  o f  k = 02/al  = 4  
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w h e r e  t i s  t h e  a c t u a l  t i m e ,  d e f i n e s  t h e  s u r f a c e  l a y e r  t h i c k -  
n e s s  as  2 r 7  ( p a u a h i k a u a ,  .1976) .  The  p e a k  maximum's a m p l i t u d e  
d i v i d e d  b y  8 2  and  p l o t t e d  on  F i g u r e  4 v e r s u s  7 w i l l  a l l o w  a n  
e s t i m a t e  a 2 / a l .  

W 

F i g u r e  4 c a n  a l s o  b e  u s e d  t o  q u a n t i t a t i v e l y  d e t e r m i n e  t h e  
l i m i t s  o f  r e s o l u t i o n  of  t h e  t r a n s i e n t  s o u n d i n g  m e t h o d .  F o r  
e x a m p l e ,  w i t h  d a t a  h a v i n g  a n o i s e  r a t i o  o f  1 0  t o  15 ( l i k e  m o s t  
o f  t h e  d a t a  i n  t h i s  s t u d y ) ,  i t  c a n  b e  a n t i c i p a t e d  t h a t  i t  
wou ld  be'  v e r y  d i f ' f i c u l t  t o  d i s t i n g u i s h  a p e r t u r b a t i o n  r e s p o n s e  
f r o m  n o i s e  i f  ap /a l  i s  b e t w e e n  0 . 0 5  a n d  1 0  a n d  i f  t h e  s u r f a c e  
l a y e r  t h i c k n e s s  is g r e a t e r  t h a n  h a l f  t h e  s o u r c e - s e n s o r  s e p a r a -  
t i o n ,  r .  

F o r  t h e  p r e s e n t  i n t e r p r e t a t i o n ,  i n  t h e  i n v e r s i o n  s t e p ,  
e a c h  r e s a m p l e d  d a t a  p , o i n t  was w e i g h t e d  b y  t h e  number o f  o r i g i n a l  
d a t a  p o i n t s  u s e d  f o r  i t s  e s t i m a t i o n  i n  t h e  r e s a m p l i n g  p r o c e d u r e  
( e . g .  i f  t h e  f i f t h  d a t a  p o d n t  was t h e  a v e r a g e  o f  f o u r  o r i g i n a l  
d a t a  p o i n t s ,  t h e n  i t s  w e i g h t  i n  e q  ( 1 9 )  i s  4 /ss2) .  When 
w e i g h t e d  i n  t h i s  way,  t h e  r e s a m p l e d  d a t a  p r o d u c e  b e s t y f i t  
p a r  ame t e'r s w i  t h i  o n e  p e r c e n t  o f  t h o s e  ,p educed b y  t h e  o r i g i n a l  
d a t a .  I t e r a t i o n  a s  s t o p p e d  when e a c h  o f  t h e  d e r i v a t i v e s  
became l e s s ' t h a n  0 - 6  ( u s u a l l y  w i t h i n  t e n  i t e r a t i o n s ) .  The  two 
e s t ima tes  of  01 w e r e  c a l c u l a t e d  f r o m  (see e q .  2 2 ) :  

. I  

- 3  P O  

S I  

S t a n d a r d  
'I 3l' 

l i s t e d  i n  T a b l e  2 u n d e r  tta(3 I t  a n d  

t of t h e  c o v a r i a n c e ,  c o  

2 
T h e s e  

f o r  e a c h  o f  t h e  p a r a m e t e r 6  e r e  c a l c u l a t e d  a 

(28) 

) , and w h i c h  i s  p r o v -  

The  - s t a n d a r d  d e v i a -  
t i o n s  are l i s t e d  beside' IT a n d  ae i n  T a b l e  2. Each  o f  t h e  

'2 3 

W 



Table .2. Summary of transient sounding interpretations. All numbers refer to 
estimates of u1 unless noted otherwise. 

PARTIAL INVERSION CURVE-MATCH ASYMPTOTE EVALUATION 
Sounding “02 “8 3 F (Q) ua Early Late 

1 .142 f .3200 .161f .020000 1.091 .25 .15 el5 .17 . 024.16 dw4300 
3 .119 f .0066 .lll f .000028 1.089 .12 .09 -11 .09 024.05 d-5000 
5. .OS9 f .0075 .113 f .000036 1.100 .14 .10 .10 .12 
6 .156 f .0650 .142 f .002900 1.092 .08 .15 ,14 . 1 5  
7 .116 f .0270 .121 f ;000470 1.140 .13 .08 .09 .20 

14 a266 f e0230 ,327 f .000170 1.086 -27 -38 ~2S.32 d460 .22 .30 
15 .016 f .0250 .473 f .000670 2.150 .20 .SO a2=.43 dS50. .lo. .SO 
16 -147 f .2800 .308 f .040330 1.100 .21 .46 02=%14 d-390 .14 .40 
23 .306 f .0450 .301 f .000120 1.070 .36 .26 .71 . 3 3  a24.10 d-3300 
24 .145 f .2300 .335  f .009900 1.094 .29 .34 .23 .40 
25 .127 f .0160 .OS4 f .000013 2.570 .17 .04 .08’ .10 0~4.03 6-4300 
26 .068 f .0160 .116 f .000072 ,810 .16 .07 .09 .lo 
27 .075 f .0110 ,159 f .000100 1.074 .15 .16 .07 .17 

-063 f .0150 .lo5 f .000061 .970 .ll .08 .07 . .16 ~ ~ 5 . 0 1  d*4500 28 
29 .009 f .0420 .016 f .000022 1.040 .06 .02 .02 .03 024.02 d-4500 
30 .091 f .0370 .lo1 f . 0 0 3 0 0 0  ,360 .10 .OO a2=.U8 d4450 .06 .09 02S.02 d-4500 
31 .lo3 f .2700 .118 f .057000 .988 .18 .OO u2=. 12 ds185 .O% .14 u2S.02 dm4500 

Definition of the parameters. 

U 02’ u83* estimates by amplitude and shape, respectively, from partial inversion. 

F (6) : F-statistic of tnvereion by which u8 and u8 were estimated. 
2 3 

u2, d : parameters of two-layer interpretation. ct2 is conductivity of 
layer; d is its depth. 

C’ 

deepeu t 

C 
I 
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s h o r t e n e d  t r a n s i e n t  d a t a  s e t s  a re  i n c l u d e d  i n  t h e  Addendum along 
w i t h  t h e  b e s t - f i t  h a l f s p a c e  model  and t h e  p a r a m e t e r  c o r r e l a t i o n  
c o e f f i c i e n t s  g i v e n  b y  

U 

4 
r cov(e )  l i j  

(29) 
s *  rcov(9)  l i i  2 r c o v ( e ) l  j j  

3 - 1 = 

( D r a p e r  and S m i t h ,  1966) .  A sample  i n t e r p r e t a t i o n  i s  p r e s e n t e d  
i n  F i g u r e  5 .  

g reemen t  ( w i t h i n  one  a n d a r d  d e v i a t i o n  o f  oe *) be tween  
and  oe f o r  s o u n d i n g s  1, 3 ,  5 ,  6 ,  7 ,  1 6 ,  23 ,  24 ,  2 9 ,  30 ,  

2 3 
and 3 l ( s e e  T a b l e  2) s u g g e s t s  t h a t  t h e  h a l f s p a c e  model  f i t s  t h e  
d a t a  w e l l  f o r  t h e s e  s o u n d i n g s ,  The f i t  may b e  t e s t e d  by a 
c o m p a r i s o n  o f  t h e  s u m - o f - s q u a r e s  f u n c t i o n  minimum v a l u e ,  S ( 3 )  , 
o f  v a r i a n c e s  as  a n d F - t e s t  a t  t h e  (1-a) c o n f i d e n c e  l e v e l  i s  done  
by  c a l c u l a t i n g  F (0 )  f o r  e a c h  f i t  by 

and t h e  d a t a  v a r i a n c e ,  s 2 , f o r  e a c h  s o u n d i n g .  A c o m p a r i s o n  

s L l v  

where  n i s  t h e  n r o f  d a t a  P O  n t s  u s e d  i n  t h e  f i t ,  p-3  i s  
t h e  number o f  p a r a m e t e r s  u s e d  i n  o d e l ,  and v i s  t h e  
number o f  d e g r e e s  of  f r eedom i n  t a  v a r i a n c e  e s t i m a t e ,  
and  t h e n  compar ing  F G )  t o  t h e  c o r r e s p o n d i n g  v a l u e  i n  a n  
F - t a b l e ,  d e n o t e d  by  Fa(n-p-v;v)  ' - (Draper  and S m i t h ,  1966,  
p .  306) .  The mode l  e x p l a i n s  t h e  non-random e l e m e n t s  o f  t h e  
d a t a  i f  F (3 )  i s  l e s s  t h a n  o r  e q u a l  t o  Fa(n-p-v ;v) .  F o r  t h e  
e l e v e n  s o u n d i n g s  l i s t e d  a b o v e ,  F G )  n e v e r  e x c e e d s  1 . 1 4 ,  and  
t h e  f i t  o f  t h e  h a l f s p a c  s t o - b e  a d e q u a t e  a t  t h e  
9 5 %  c o n f i d e n c e  l e v e l .  

F o r  s o u n d i n g s  14 ,  26 ,  27 ,  2 8 ,  F(3)  i s  a l s o  l ess  t h a n  1 .14 ;  
however , i s  s i g n i f i c a n t l y  l e s s  t h a n  ae . The c o n s i s t e n t  
v a l u e s  f o r  s o u n d i n g s  2 6 ,  2 7 ,  28 ,  303 and 31 (be tween  
0.10 and  0 .16  S/m) ,  which  a r e  l o c a t e d  i n  t h e  same a r e a ,  and  
t h e  good f i t  o f  p a c e  model  t h a t  t h e  d i s c r e -  
pancy  be tween  CT f o r  s o u n  27 ,  and 2 8  i s  
p r o b a b l y  t h e  3 * r e s u l t  r emen t  e r r o r s .  

i s  assumed b e s t ' e s t i m  i n  t h i s  case.  

6e2 

O03 ' ,  
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Fi-gure 5 .  Data and t h e  b e s t - f i t  h a l f s p a c e  model 

o r d i n a t e  f o r  t h e  are t idua l  p l o t  i s  t h e  
v o l t a g e  d i v i d e d  by e 2 .  

, w i t h  r e s i d u a l s  f o r  sounding 5 .  The 
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W 
4 

The F ( e )  v a l u e  e x c e e d s  1 .14  f o r  s o u n d i n g s  15  and 25 and 
i n d i c a t e s  t h a t  t h e  h a l f s p a c e  model i s  i n a d e q u a t e .  W e  a l s o  
n o t e  t h a t  cye 
f o r  2 e3 s o u n d i n g s  15  and 25. 

d i f f e r s  f rom (T by a f a c t o r  of  a t  l e a s t  two 

Al though  t h e  s t a t i s t i c s  of  t h e  i n v e r s  on i n d i c a t e d  t h a t  
t h e  h a l f s p a c e  model  i s  a d e q u a t e  f o r  most of  t h e  d a t a  s e t s ,  
f u r t h e r  t e s t s  were pe r fo rmed  t o  see i f  t h e  r e s i d u a l s  c o n t a i n e d  
a n y t h i n g  more t h a n  random no-ise.  The t e s t  f o r  randomness 
were done  on t h e  r e s i d u a l s  a t  t h e  95% c o n f i d e n c e  l e v e l .  F i r s t  
a I trunt1 t e s t  w a s  pe r fo rmed  t o  l o c a t e  . c o n s i s t e n c i e s  i n  s i g n .  
S o u n d i n g s  15 ,  1 6 ,  24,  26 ,  2 7 ,  3 0 ,  3 1  c o n t a i n  t o o  few r u n s  
(common s i g n  g r o u p s  i n  t h e  sequence )  t o  a c c e p t  randomness .  

d i n g s  t h a t  showed t l r u n s t f  c o n s i s t e n c y ,  t h e  
d a t a  were n e x t  t e s t e d  by  a compar i son  -of t h e  r e s i d u a l  a m p l i -  
t u d e s  w i t h  t h  t a  s t a n d a r d  d e v i a t i o n ,  s. Sound ings  . 3 ,  6 ,  

8 ,  3 0 ,  3 1  c o n t a i n  r e s i d u a l  va lues  i n  
t h e  95% f i d e n c e  l e v e l  l i m i t .  The l a r g e s t  

r e s i d u a l  v a l u e s ,  however ,  were a lways  t h  a r l i e s t  two o r  
t h r e e  p o i n t s ,  which  i s  t y p i c a l  o f  d i s t o r t i o n s  due  t o  c o i l  

n t a t i o n  o r  t o  t h i n ,  1 d u c t i v i t y  s u r f a c e  l a y e r s  
6 7 ,  p. 201) ,  and n f p e r t u r b a t i o n s  due  t o  deep  
Because  o f  t h e  gen  l y  s m a l l  ‘ a m p l i t u d e  of  t h e  

s h a p e s ,  t h e  r e s i d u a l s  were n o t  a n a l y z e d  u r t h e r .  A s ample  
r e s i d u a l  i s  p l o t t e d  i n  F i g u r e  5 f o r  s o u n d i n g  5 .  R e s i d u a l s  
f o r  a l l  t h e  s o u n d i n g s  a r e  i n c l u d e d  i n  t h e  Addendum. 

1s and t h e  l a c k  o f  r e s e m b l a n c e  t o  p e r t u r b a t i o n  model  

The r e s u l t s  o f  p a r t i a l  i n v e r s i o n  show t h a t  15  of  t h e  1 7  
t r a n s i e n t  d a t a  s e t s  c a n  b e  most  s i m  and a d e q u a t e l y  i n t e r -  
p r e t e d  as  h a l f s p a c e  r e s p o n s e s .  An e r p r e t a t i o n  w i t h  more 
l a y e r s  may b e  p o s s i b l e ;  however ,  t h e  q u a l i t y  o f  t h e  p r e s e n t  
d a t a  c o u l d  no t  added complex 

. Curve-Matching 

The t r a n s i e n t  d a t a  a r e  f i r s t  c o n v e r t e d  from v o l t a g e s  t o  
a p p a r e n t  r e s i s t i v i t i e s  d e f i n e d  by 

(31) - - -  

and p l o t t e d  b i l o g a r i t h m i  h e  d a t a  curves  
a r e  t h e n  matched  t o  s t a n d a r d  model  c u r v e s ,  which  a r e  p l o t t e d  

by a s  p a / p l  v e r s u s  n o r m a l i  
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7 = -  2 
P O  

= l / o l  and 7 i s  t h e  t i m e  i n  s e c o n d s .  Two- layer  model  

b e e n  p u b l i s h e d  b y  S i l v a  (1969) ,  t h r e e - l a y e r  model  ' 

s e t s  by  Skokan (1974) ,  and  f o u r - l a y e r  model  se t s  b y  Vanyan 
(196.7)., Computer- p rog rams  f o r  t h e  n u m e r i c a l  c a l c u l a t i o n  o f  
m u l t i - l a y e r e d  models  h a v e  b e e n  p u b l i s h e d  by  Skokan (1974) and 
Anderson  (1973) .  A match  of t h e  d a t a  c u r v e s  t o  a model  
c u r v e  by  s h a p e  a l o n e  y i e l d s  t h e  number o f  l a y e r s  and  t h e i r  
t h i c k n e s s e s  and t h e  r a t i o  of t h e  l a y e r  r e s i s t i v i t i e s  t o  p l .  
The ma tch  o f  b o t h  a b s c i s s a s  and o r d i n a t e s  ( p a l p  
a l l o w s  ' two s e p a r a t e  es t imates  of p l ,  which  c o m p l e t e s  t h e  i n t e r -  
p r e t a t i o n .  Only t h e  p 1  es t imate  from t h e  ? - a x i s  ma tch  i s  u s e d  
h e r e ,  s i n c e  t h e  o t h e r  i s  d i s c u s s e d  be low w i t h  t h e  a s y m p t o t i c  
i n t e r p r e t a t i o n .  

and  '7 a x e s )  

Out of  1 7  s o u n d i n g s ,  o n l y  5 d e v i a t e d  n o t i c e a b l y  f rom t h e  
h a l f s p a c e  model  s h a p e .  S o u n d i n g s ,  1 4 ,  1 5 ,  and 16 s u g g e s t e d  a 
s h a l l o w  l a y e r  s l i g h t l y  more c o n d u c t i v e  t h a n  t h e  h a l f s p a c e  be low,  
and 30 and 3 1  s u g g e s t e d  a r e s i s t i v e  s u r f a c e  l a y e r  w i t h  a more 
c o n d u c t i v e  h a l f s p a c e  below.  N o t i n g  t h a t  p = l / a ,  t h e  c u r v e -  
match  i n t e r p r e t a t i o n s  f o r  l a y e r  t h i c k n e s s e s  and c o n d u c t i v i t i e s  
a r e  l i s t e d  i n  T a b l e  2 .  

A s y m p t o t i c  I n t e r p r e t a t i o n s  

The h a l f s p a c e  t r a n s i e n t  v o l t a g e  r e s p o n s e  ( see  eq. 4) can  
b e  a p p r o x i m a t e d  a s y m p t o t i c a l l y  i n  two d i f f e r e n t  t i m e  r a n g e s .  

2 
F o r  e a r l y  t i m e s  , OStSO.05 -O- ' , t h e  r e s p o n s e  i s  g i v e n  a p p r o x i -  
m a t e l y  by  P 

31yntA 
5(t) 2 2.rrr5 P (33)  

II r2  Y, r2  ( f rom e q s .  6 and 1 2 ) .  F o r  l a t e  t i m e s ,  1.1 0 StS50 0 , 
P P 

t h e  v o l t a g e  r e s p o n s e  i s  a p p r o x i m a t e l y  g i v e n  by 
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(Silva, 1969, p. 37). By solving these two asymptotic 
expressions for p and observing how the resulting functions 
behave for an N-layered earth model (Jackson and keller, 1972), 
we find that 

W 

and 

-17.5 213 
) n x 10 4nlAIr 

Pn ” (  5v(t) t512 

if 
2 2 

1.1 E . S t 4 5 0  (37) 
Pn Pn 

Generally, these values, p , pn, are calculated for all times 
for each sounding and plotted versus time. 
functions will approach constant-resistivity asymptotes when 
the respective time criterions are met. 

The resulting 

Examples of these two functions are plotted in Figure 6. 
Other plots of the early time data reduced by eq. (35) are 
deleted because the curves are identical to those in the Adden- 
dum with the ordinate converted to resistivities by eq. 
(31). - Early-time interpretations are listed in Table 2 as 
conductivities. The late-time curves (data reduced by eq. 37) 
are given in the Addend Strictly, late-time asymptotic 
interpretations were not valid for most of the data because 
only soundings 25, 26, and 29 were sampled at large enough 
times to satisfy the criterion in eq. (37). Nevertheless, 
the data were extraplolated and the attempted interpretatlons 

onductiviti 

e-time curves showed deflections suggestive 
ch cases extrapolations were made to deter- 

mine the resistivities. The depths were approximated from models 
in Vanyan (1967). These interpretations suggest a resistive 
basement 3 to 5 km deep, which exceeds the source-sensor sepa- 
ration for most of the sounding. The deflection in the late- 

L 
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Figure 6. Early and late time asymptotic expressions 
and their interpretations for sounding 5. 
Constant conductivity asymptotes of 0.10 
S/m for the early-time curve and 0.12 for 
the late-time curve have been picked. 
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W 
time c u r v e s  t h a t  i n d i c a t e  t h e  e x i s t e n c e  of  t h e  basement  c o r r e -  
sponda  t o  t h e  smallest  v o l t a g e s  i n  t h e  d a t a  s e t  and c o u l d  b e  
t h e  r e s u l t  o f  i n s i g n i f i c a n t  v o l t a g e  v a r i a t i o n s .  T h e r e f o r e ,  
t h e  i n t e r p r e t a t i o n s  l i s t e d  i n  T a b l e  2 f o r  t h e  res i . s t ive  b a s e -  
ment i n d i c a t i o n s  s h o u l d  b e  t a k e n  w i t h  some s u s p i c i o n .  

~ 

T h i s  method ( s u g g e s t e d  by  C .  Z a b l o c k i ,  p e r s o n a l  communi- 
c a t i o n s ,  1974)  i s  s i m p l e  and can  p r o v i d e  r a p i d  b u t  a p p r o x i m a t e  
r e s u l t s  i n  t h e  f i e l d .  The p r i n c i p l e  o f  t h i s  method is t h a t  a n  
" a p p a r e n t  c o n d u c t i v i t y t t  c a n  b e  c a l c u l a t e d  from t h e  t i m e  i t  
t a k e s  t h e  t r a n s i e n t  t o  d e c a y  t o  some a r b i t r a r y  f r a c t i o n  of i t s  
i n i t i a l  a m p l i t u d e .  We u s e d  t h e  h a l f - i n i t i a l - a m p l i t u d e  c r i t e r i o n .  
The h a l f - a m p l i t u d e  d e c a y  t i m e ,  t 1 / 2 ,  f o r  a t h e o r e t i c a l  h a l f s p a c e  
t r a n s i e n t  r e s p o n s e  (eq. 4) i s  g i v e n  by 

S o l v i n g  f o r  Q, w e  d e f i n e  t h e  a p p a r e n t  c o n ' d u c t i v i t y  as:  

t 6 1 / 2  
(39) = 6 . 9 2  x 10 - 

r 2  O a  

The a p p a r e n t  c o n d u c t i v i t y  v a l u e s  a s  t e r m i n e d  i n  t h e  f i e l d  for 
e a c h  s o u n d i n g  ( 9 7 5 )  a re  l i s t e d  i n  T a b l e  2 .  

The i n t e r p r e t a t i o n a l  methods  u s e d  above  r e p r e s e n t  t h e  
common t e c h n i q u e s  by  which t r a n s i e n t  d a t a  c a n  b e  i n t e r p r e t e d .  
They d i f f e r  f rom e a c h  o t h e r  on  s e v e r a l  b a s i c  p o i n t s ,  b u t  most  
o f  t h e  r e s u l t s  g e n e r a l l y  a g r e e  i n  a s s i g n i n g  "normal11 c o n d u c t -  
i v i t i e s  o f  a b o u t  0 .10  t o  0.16 S/m t o  s o u n d i n g s  1, 3 ,  5 ,  6 ,  7 ,  
26 ,  28,  30, and 3 1  and t tanomalous8t  c o n d u c t i v i t e s  o f  0 .30 t o  0 .50  
S/m t o  s o u n d i n g s  14,-15, 1 6 ,  23 and 24. Sound ing  29 showed t h e  
l o w e s t  c o n d u c t i v i t y  v a l u e  o f  0 .016  S/m. The c o n d u c t i v i t y  e s t i -  
m a t e s  b a s e d  on s h a p e  a r e  c o n s i d e r e d  more r e l i a b l e  b e c a u s e  o f  k.' 
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t h e  g r e a t e r  c o n s i s t e n c y  o f  r e s u l t s .  T h i s  i s  e x p e c t e d  f rom t h e  
c o n s i d e r a t i o n  of  t h e  p o s s i b l e  e x p e r i m e n t a l  e r r o r s .  

c a p a c i t y  t b  t e s t  t h e  g o o d n e s s - o f - f i t  o f  t h e  model  t o  t h e  d a t a  
b y  s t a n d a r d  s t a t i s t i c a l  means.  F i f t e e n  o f  t h e  s e v e n t e e n  s e t s  
o f  s o u n d i n g  d a t a  w e r e  f i t t e d  a d e q u a t e l y  b y  a homogeneous e a r t h  
r e s p o n s e .  F u r t h e r m o r e ,  t h e  two homogeneous e a r t h  c o n d u c t i v i t y  
es t imates  f o r  e a c h  s o u n d i n g  (by  s h a p e  as a f u n c t i o n  o f  t i m e  and 
by  a m p l i t u d e )  were n e a r l y  i d e n t i c a l  f o r  e l e v e n  of  t h o s e  f i f t e e n  
s o u n d i n g s .  The s o u n d i n g s  f o r  which t h e  two homogeneous e a r t h  
c o n d u c t i v i t y  e s t i m a t e s  d i d  n o t  match and t h o s e  
s o u n d i n g s  t h a t  were f i t  i n a d e q u a t e l y  by t h e . h a l f s p a c e  r e s p o n s e  
a r e  most  l i k e l y  b e c a u s e  of  e r r o r s  i n  m e a s u r i n g  e x p e r i m e n t a l  
p a r a m e t e r s  ( c u r r e n t  a m p l i t u d e s  o r  d i s t a n c e s ) ,  b e c u a s e  of  
h i g h  n o i s e  l e v e l s  i n  t h e  r e c e i v e d  v o l t a g e  s i g n a l s ,  o r  p o s s i b l y  
b e c a u s e  t h e  l a y e r e d  e a r t h  model d o e s  n o t  f i , t  t h e  t r u e  e a r t h .  
A l o o k  a t  t h e  r e s i d u a l s  f rom t h e  two i n a d e q u a t e l y  f i t  s o u n d i n g s  
d i d  n o t  s u g g e s t  t h a t  a more c o m p l i c a t e d  l a y e r e d  model  would 
improve  t h e  f i t .  

The s u p e r i o r i t y  o f  t h e  p a r t i a l  i n v e r s i o n  method i s  t h e  

T h e  d a t a  w e r e  i n t e r p r e t e d  by l o g a r i t h m i c  c u r v e - m a t c h i n g  
p r i m a r i l y  f o r  c o m p a r a t i v e  p u r p o s e s .  Twelve o f  t h e  s e v e n t e e n  
t r a n s i e n t  r e s p o n s e s  a p p e q r  t o  f i t  t h e  h a l f s p a c e  model  q u i t e  
w e l l ,  w h i l e  t h e  o t h e r  f i v e  f i t  models  h a v i n g  t h i n  s u r f a c e  
l a y e r s  o f  v a r y i n g  r e s i s t i v i t y  o v e r  h a l f s p a c e s .  The d a t a  p o i n t s  
most  i n d i c a t i v e  o f  t h e  c o n t r a s t i n g  s u r f a c e  l a y e r  f o r  t h e  f i v e  
s o u n d i n g s  were a lways  t h e  e a r l i e s t  2 t o  5 p o i n t s .  Vanyan (1967,  
p .  201) p o i n t s  o u t  t h a t  t h e  e a r l i e s t  p o r t i o n  of  t h e  t r a n s i e n t  
s i g n a l  c a n  b e  g r e a t l y  d i s t o r t e d  by e x p e r i m e n t a l  c o n d i t i o n s  s u c h  
as  l a y i n g  t h e  m e a s u r i n g  c o i l  on a s l o p i n g  s u r f a c e  o r  a t  a 
d i f f e r e n t  e l e v a t i o n  from t h e  c u r r e n t  s o u r c e .  The e a r l y  t r a n s i e n t  
can a l s o  b e  d i s t o r t e d  by e x c e s s i v e  f i l t e r i n g  (Skokan,  1 9 7 4 ) .  
S i n c e  t h e  s u g g e s t i o n  of c o n t r a s t i n g  s u r f a c e  l a y e r s  by t h e s e  
f i v e  s o u n d i n g s  i s  n o t  b a s e d  on t h e  most  r e l i a b l e  d a t a  p o i n t s ,  
i t  s h o u l d  p r o b a b l y  b e  d i s m i s s e d .  

Ano the r  d i s a d v a n t a g e  o f  l o g a r i t h m i c  c u r v e - m a t c h i n g  i s  
t h a t  i t  i n v o l v e s  some m a n i p u l a t i o n  of  t h e  s m a l l e r  t r a n s i e n t  
d a t a  v a l u e s .  The d a t a  and model  v a l u e s  a r e  v i s u a l l y  compared 
so  as  t o  m i n i m i z e  t h e  l o g a r i t h m s  o f  t h e i r  r a t i o s  ( eq .  18 ) .  T h i s  
c o m p a r i s o n  d o e s  n o t  d i s c r i m i n a t e  be tween s m a l l  o r  l a r g e  a m p l i t u d e  
v a l u e s .  I n  t h i s  case of  c o n s t a n t  a b s o l u t e  p r e c i s i o n  i n  t h e  
measurements  t h i s  c o n s i d e r a t i o n  i s  c r i t i c a l  f o r  t h o s e - p a r t s  o f  
t h e  r e c o r d s  where  t h e  s i g n a l  becomes s m a l l .  

The a s y m p t o t i c  e v a l u a t i o n  t e c h n i q u e s  a r e  v a l i d  i f  t h e  . 
c o n d i t i o n s  o f  e q s .  ( 3 5 )  and ( 3 7 )  a r e  f u l f i l l e d .  I n  Puna ,  o n l y  
a f e w  o f  t h e  e a r l y - t i m e  a s y m p t o t e s  and none  o f  t h e  l a t e - t i m e  
a s y m p t o t e s  were s u f f i c i e n t l y  d e v e l o p e d  because ,  f o r  t h e  c o n d i -  
t i o n s  e n c o u n t e r e d ,  t h e  t r a n s i e n t s  c o u l d  n o t  b e  sampled  o v e r  a 
wide  enough r a n g e  o f  t imes.  T h i s  i s ,  l a r g e l y  a f u n c t i o n  o f  t h e  

LJ 
? 

P 
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dynamic range of the inBtrumentation and the signal-to-noise 
ratio. The method was,.therefore, of little use in Puna. 

The early-time asymptote method has the theoretical 
advantage that conductivity values are estimated by the larger, 
and supposedly better defined amplitudes of the early portion 
of the transient data curve. The problems in the early-time 
signal, however, were pointed out earlier‘. On the other hand, 
the late-time asymptote method (eq. 17) utilizes both the time 
dependent shape and the amplitude in the later portion of the 
data curve, where the transient amplitudes can be quite s,mall. 
The deflections in the Puna late-time curves that suggested a 
3- to 5-km-deep resistive basement were the result of very 
small amplitude variations in the data (usually less than 1% 
of the transientls maximum amplitude) amplified through the 
use of eq. (37). Although the late-time asymptote method is 
very promising for well-conditioned or low-noise transient 
signals, its results can be misleading if based on insignifi- 
cant voltage variations. We generally discount the late-time 
interpretations 

Estimation by half-amplitude decay time was intended for 
obtaining approximate results in the field. The apparent con- 
ductivities calculated in the field, however, rarely differed 
from other halfspace conductivity estimates by more than a 
factor of 1.5. The accuracy of this method is rather surpri- 
sing, since the decay time was estima-ted from the transient 
data before it was compensated for the in trumentation effects. 
The distortion by the recording equipment seems to have had 
little effect on’ these decay times, whi h suggests that esti- 
mation by half-amplitude decay time can be used as a field 
technique for the detection of conducti ities at least in the 
range of 0.05 to 0.40 S/m. The accuracy of the apparent con- 
ductivity estimates may stem from the fact that the observed 
transient responses did not differ markedly from the response 
shape of a highly conductive halfspace. For lower conductivi- 
ties, which have a faster decay response, the instrumental 
distortion would be more significant. The presence of large 
contrasts in layered conductivity structure would also lower 
the accuracy of e 

GEOELECTRXC STRUCTURE AND GEOLOGICAL IMPLICATIONS 

The results of this study show that the subsurface in 
east Puna responds electromagnetically as a homogeneous half- 
space with l1normaltt conductivities of 0.10 to 0.16 S/m for 
soundings 1, 3, 5, 6, 7, 26, .28, 30, and 31 and nanomalousll 
conductivities of 0.30 to 0 . 5 0  S/m for soundings 14, 15, 16, 
23, and 24. Sounding 29,,the only one northwest of the rift 
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'LJ z o n e ,  r e s p o n d e d  a s  a h a l f s p a c e  w i t h  a low c o n d u c t i v i t y  o f  ~ 

0 . 1 6  S/m. The r e s u l t s  a r e  p l o t t e d  o n  F i g u r e  7 w i t h  c o n d u c t -  
i v i t i e s  n e x t  t o  e a c h  s t a t i o n .  I n  t h i s  f i g u r e  t h e  v a l u e s  i n  
p a r e n t h e s e s  a r e  s o u n d i n g s  i n t e r p r e t e d  b y  t h e  h a l f - d e c a y  me thod  , 
i n  t h e  f i e l d  ( K l e i n  a n d  K a u a h i k a u a ,  1975)  b u t  d e l e t e d  i n  t h e  
d e t a i l e d  i n t e r p r e t a t i o n  h e r e  d u e  t o  e x c e s s i v e  n o i s e  l eve ls .  

P 

I n  t o t a l l y  s a t u r a t e d  r o c k s ,  t h e  b u l k  r o c k  c o n d u c t i v i t y  
c a n  b e  d e s c r i b e d  i n  terms o f  t h e  a v e r a g e  p o r o s i t y  f r a c t i o n ,  4 ,  
a n d  t h e  p o r e  water  c o n d u c t i v i t y ,  b y  t h e  e m p i r i c a l  r e l a t i o n s h i p  %' 

o= Gowdm 

w h e r e  o i s  t h e  b u l k  r o c k  c o n d u c t i v i t y  and  G and  m a r e  e m p i r i c a l l y  
d e t e r m i n e d  c o n s t a n t s  (Ke l l e r  a n d  F r i s c h k n e c h t ,  1 9 6 6 ) .  F o r  
H a w a i i a n  b a s a l t s ,  K e l l e r  (1973)  and  Manghnani  e t  a l .  (1976)  h a v e  ' 

c a l c u l a t e d  (G,m)  t o  b e  a b o u t  0 . 2 9 ,  1 , 8 ) ,  r e s p e c t i v e l y .  U s i n g  
t h i s  r e l a t i o n s h i p  f o r  a p o r o s i t y  o f  a b o u t  25% ( a  r e a s o n a b l e  
a v e r a g e  f o r  s u r f a c e  l a v a s ,  f r o m  Z a b o l c k i  e t  a l . ,  1974)  a n d  t h e  
n o r m a l  b u l k  c o n d u c t i v i t i e s  0 . 1 0  t o  0 .16  S/m, w e  f i n d  t h a t  t h e  
p o r e  w a t e r  c o n d u c t i v i t y  i s  a b o u t  4 t o  6 S/m. F o r  t h e  a n o m a l o u s  
b u l k  c o n d u c t i v i t i e s  o f  0 . 3 0  t o  0.50 S/m, w e  d e t e r m i n e  t h e  p o r e  
wa te r  c o n d u c t i v i t y  t o  b e  a b o u t  1 3  t o  2 1  S/m. 

The  n o r m a l  v a l u e s  o f  4 t o  6 S/m a r e  much t o o  h i g h  f o r  
f r e s h  water  b u t  c o r r e s p o n d  c l o s e l y  t o  t h o s e  f o r  n o r m a l  seawater 
a t  2OoC (5 t o  6 S/m, f rom S c h l i c h t e r  a n d  T e l k e s ,  1 9 4 2 ) .  T h i s  
c o r r e s p o n d e n c e  i s  n o t  s u r p r i s i n g  b e c a u s e  seawater  s h o u l d  
u n d e r l i e  t h e  b u l k  o f  t h e  r e g i o n  a t  d e p t h s  g r e a t e r  t h a n  a f e w  
h u n d r e d  meters .  F r e s h  w a t e r ,  i f  p r e s e n t ,  s h o u l d  f o r m  a t h i n  
l a y e r  f l o a t i n g  upon t h e  seawater .  Dry l avas  a s  w e l l  as  l avas  
s a t u r a t e d  w i t h  f r e s h  w a t e r  wou ld  b e  s e v e r a l  t i m e s  m o r e  r e s i s t i v e  
t h a n  t h e  l avas  s a t u r a t e d  w i t h  seawater  b e l o w ,  and  a r e  n o t  
d e t e c t e d  b y  t h e s e  t r a n s i e n t  s o u n d i n g s .  

The  h i g h e r  p o r e  water c o n d u c t i v i t y  v a l u e s  o f  13 t o  2 1  
S/m may i n d i c a t e  seawater  a t  t e m p e r a t u r e s  h i g h e r  t h a n  2OOC. 
A c c o r d i n g  t o  Dakhov ( 1 9 6 2 ) ,  t h e  c o n d u c t i v i t y  o f  a f l u i d  a t  
t e m p e r a t u r e  T ' T ) ,  i s  r e l a t e d  t o  i t s  c o n d u c t i v i t y  a t  1 8 O C ,  
ow(180c) ,  b y  

o w ( T )  = oW(18*C) [ l  + a ( T  - 1 8 O C ) I  (41) 
a 



., 

I I 

F i g u r e  7 .  Sounding data  p l o t t e d  a t  t h e  r e c e i v e r  
s t a t i o n .  The data  i n  parentheses  a r e  
f i e l d  e s t i m a t e s  o f  c o n d u c t i v i t y  from 
s t a t i o n s  n o t  i n t e r p r e t e d  i n  t h i s  r e p o r t  
( see  K l e i n  and Kauahikaua, 1 9 7 5 ) .  

c 
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where Q! is the temperature coefficient of conductivity (gen- L J  
erally taken as O.O25/OC). Comparison with the data of Quist 
and Marshall (1968) confirms that the relationship is valid for 
temperatures from 18OC to 250OC. 
5 S/m, then 13 to 21 S/m corresponds to temperatures of 
about 82" to 146OC. 

If 0~(18~C) is taken to be 

The anomalously low bulk conductivity of 0.016 S/m for 
sounding 29 northwest of the rift corresponds (by eq. 40) to 
pore water with a conductivity of 0.67 S/m. This is too low 
for seawater except at near-freezing temperatures, so  the pore 
waters must be less saline than seawater and are probably at 
normal temperatures. Pore water conductivity increases nearly 
linearly with salinity and is approximated by 

where S is the pore water s a  inity in ppt ,parts per thousand) 
(Logan, 1961). Using the fact that seawater has a salinity of 
35 ppt, water of conductivity 0.67 S/m must have a salinity of 
about 3.9 ppt. 

The anomalous conductivity estimates are confined to a 
30- or 40-km2 area south of the rift between Puu Honuaula and 
Kapoho Crater. For an area of lateral variation in earth con- 
ductivity, it is important to know the region of greatest 
influence on the observed signal at each sounding location. 
Vanyan (1967), p. 70) plots his interpretations at the point 
midway between source and sensor. Model studies over a con- 
ducting cylinder (Wait and Hill, 1973) show that the effect 
of the lateral conductivity variation is a maximum when the 
cylinder is between the sensor coil and the midpoint. We 
consider it reasonable to place the conductivity estimates at 
each sounding configuration midpoint rather than at the source 
or sensor location. The resulting map (Fig. 8, deleting the 
parenthesized values of Fig. 7) shows the anomalous area as 
the group of conductivity estimates exceeding 0.3 S/m. 

The depth range represented by the (halfspace) inter- 
preted conductivities is also an important consideration. It 
can be estimated qualitatively from model studies. Frequency 
response models (Frischknecht, 19 67) and current source over 
a two-layer earth show conclusively that the response is not 
appreciably different from a halfspace response with a con- 
ductivity of the first layer if the second layer is generally 
at depths greater than r/3. A perfectly resistive second 
layer can be detected if it is shallower than r/2, and a per- 
fectly conductive second layer can be detected shallower than 
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bd 

3 r / 4 .  The  maximum d e p t h  o f  r e s o l u t i o n  f o r  a h a l f s p a c e  i s  
i n d e p e n d e n t  o f  t h e  s o u r c e - s e n s o r  s e p a r a t i o n ,  r ,  a n d  i s  e q u a l  
t o  t h e  s k i n  d e p t h  6 (= f W 2 )  (Mundry,  1 9 6 6 ) .  F o r  P u n a ,  t h e  
maximum s k i n  d e p t h s  o f  0 . 1  t o  0 . 5  S/m m a t e r i a l  u s i n g  t h e  f r e -  
q u e n c i e s  f r o m  1 t o  35 Hz,  as  w a s  d o n e  i n  t h i s  s u r v e y ,  a r e  
4500  a n d  2000 m y  r e s p e c t i v e l y .  The  a c t u a l  d e p t h s  o f  r e s o l u -  
t i o n  a c h i e v e d  b y  t r a n s i e n t  s o u n d i n g s  wou ld  n o t  b e  t h i s  l a r g e  
and  p r o b a b l y  d i d  n o t  e x c e e d  1500  m ,  owing  t o  t h e  s o u r c e -  
s e n s o r  s e p a r a t i o n s .  Mundry (1966)  p o i n t s  o u t  t h a t l i f  t h e  
s u r f a c e  l a y e r  o f  a t w o - l a y e r  m o d e l  i s  t h i n n e r  t h a n  6 / 1 6 ,  t h e n  
t h e  r e s p o n s e  w i l l  n o t  b e  a p p r e c i a b l y  d i f f e r e n t  f r o m  t h a t  o f  
a h a l f s p a c e  w i t h  t h e  - c o n d u c t i v i t y  o f  t h e  s e c o n d  l a y e r .  T h i s  
e x p l a i n s  why t h e  r e s i s t i v e  m a t e r i a l  a b o v e  s ea  l e v e l  ( c o n d u c -  
t i v i t i e s  l ess  < t h a n  0 .0015 S/m) i n  Puna  was f a r  l ess  a p p a r e n t  
f r o m  t h e  t r a n s i e n t  s o u n d i n g  r e s u l t s  t h a n  i t  w a s  f r o m  t h e  
r e s u l t s  o f  d i r e c t - c u r r e n t  s o u n d i n g s  ( K l e i n  and  K a u a h i k a u a ,  1 9 7 5 ;  
K e l l e r ,  1 9 7 3 ) .  

W e  c o n c l u d e  t h a t  t h e  t r a n s i e n t  s o u n d i n g s  f r o m  e a s t  Puna  
show s u b - s e a  l e v e l  c o n d u c t i v i t i e s  c o r r e s p o n d i n g  t o  water-  
s a t u r a t e d  b a s a l t i c  l a v a s ,  w h i c h  v a r y  l a t e r a l l y ,  r e a c h i n g  a max- 
imum s o u t h  o f  Puu H o n u a u l a .  V e r t i c a l  c h a n g e s  i n  c o n d u c t i v i t y  
b y  a f a c t o r  of  1 0  o r  more  a r e  i n c o n s i s t e n t  w i t h  t h e  d a t a ,  a t  
l e a s t  t o  d e p t h s  a p p r o a c h i n g  1 km b e l o w  sea  l e v e l .  The l a t e r a l  
c o n d u c t i v i t y  v a r i a t i o n  i$ i n t e r p r e t e d  t o  i n d i c a t e  t e m p e r a t u r e  
v a r i a t i o n  o f  t h e  o r d e r  o f  150'C. The  a r ea  o f  a n o m a l o u s  t e m -  
p e r a t u r e  i s  g e n e r a l l y  o u t l i n e d  i n  F i g u r e s  8 b y  t h e  0 .3-S/m 
c o n t o u r .  T h i s  i s  t h e  same a r e a  w h e r e  c o a s t a l  s p r i n g s  a n d  w e l l  
waters  o f f  t h e  r i f t  a r e  t h e  w a r m e s t  ( see  F i g .  1). The g r o u n d -  
w a t e r  h a s  a p p a r e n t l y  b n d i s t u r b e d  b y  t h e s e  t h e r m a l  e f f e c t s  
b e c a u s e  n o  Ghyben-Herz e n s  e x i s t s  t h e r e .  C o v e r a g e  o f  
t h e  r i f t  t r a c e  a n d  a d j a c  a r eas  b y  t r a n s i e n t  s o u n d i n g s  was 
i n s u f f i c i e n t  t o  f u l l y  o u t l i n e  t h e  t h e r m a l l y  d i s t u r b e d  z o n e ,  
b u t  i t  a p p e a r s  t o  b e  d i s t i n c t  f r o m  t h e  r i f t  s t r u c t u r e  a t  d e p t h s  
a b o v e  1 km b e l o w  sea l e v e l .  T e n t  s o u n d i n g  r e s u l t s  
a r e  i n c o n c l u s i v e  r e g a r d i n g  t h e  a t i o n  o f  t h e  h e a t  s o u r c e .  

C o m p a r i s o n  o f  t h e s  t h e  d i p o l e  mapp ing  r e -  
s u l t s  o f  Ke l l e r  (1973)  a t s o u n d i n g  r e s u l t s  o f  
Skokan  ( 1 9 7 4 ) n  e a s t  P u n a  a l l  some g e n e r a l i z a t i o n s  t o  b e  
made a b o u t  t h e  b a s i c  s t r u c t u r e  The  t r a n s i e n t  s o u n d i n g  
r e s u l t s  i n  t h i s  s t u d y  a n  a n ' s  s t u d y  c o v e r  m u t u a l l y  
e x c l u s i v e  a r eas  ( t h i s  s t  vers  t h e  a r eas  s o u t h  and  e a s t  o f  
t h e  S k o k a n  a r e a ) .  Skokan  i n t e r p r e t e d  h e r  d a t a  b y  t h e  l o g a r i t h -  
m i c  c u r v e - m a t c h i n g  t e c h n i q u e ,  wh i  h y i e l d e d  as  many as  t h r e e  
l a y e r s  w i t h  t h e  l a s t  l a y e r  d e e p e r  t h a n  t h e  r / 3 - l i m F t  d i s c u s s e d  
a b o v e .  We c o n s i d e r  t h i s  c o m p l e x i t y  d i f f i c u l t  t o  j u s t i f y .  I f  
w e  o m i t  f r o m  h e r  i n t e r p r e t a t i o n s  a n y  s t r u c t u r e  d e e p e r  t h a n  
1500  m (maximum r / 3 )  and  view t h e  s u r f a c e - l a y e r  c o n d u c t i v i t y  
i n t e r p r e t a t i o n s  o n l y  .as p o s s i b l e  maximums, h e r  r e s u l t s  a r e  
s i m i l a r  t o  t h o s e  n o r m a l  v a l u e s  f r o m  t h e  p r e s e n t  s t u d y .  T h e  r i f t  
t r a c e  a p p e a r s  a s  a l e s s  c o n d u c t i v e  z o n e  b o r d e r e d  b y  b r o a d  a r e a s  
w i t h  c o n d u c t i v i t i e s  o f  a b o u t  0 . 1  t o  0 . 2  S/m i n  b o t h  t h e  t r a n s i e n t  
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s o u n d i n g  and  b i p o l e  mapp ing  s t u d i e s .  The  p o o r l y  c o n d u c t i n g  
r i f t  z o n e  c o u l d  b e  a t t r i b u t e d  t o  d i k e - t r a p p e d  w a t e r  o f  low 

o f  b o t h .  
- s a l i n i t y ,  o r  t o  low p o r o s i t y  m a t e r i a l ,  o r  t o  a c o m b i n a t i o n  
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ADDENDUM : 
TRANSIENT DATA PLOTS 
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Figure  9 ,  T r a n s i e n t  sounding i n t e r p r e t a t i o n s .  The 
a c t u a l  v o l t a g e s  a r e  p l o t t e d  v e r s u s  t i m e  

t r a n s i e n t  r e s p o n s e .  The parameter 
c o r r e l a t i o n  m a t r i c e s  a r e  i n c l u d e d .  

- a long  w i t h  t h e  b e s t - f i t  h a l f s p a c e  
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ABSTRACT 

S e l f - p o t e n t i a l  (SP) s t u d i e s  made i n  t h e  a r e a  o f  K i l a u e a  
v o l c a n o ' s  lower  ea s t  r i f t  z o n e  ( E a s t  Puna )  d e l i n e a t e d  f o u r  
p o s i t i v e - p o t e n t i a l  a n o m a l i e s  t h a t  a r e  m o s t  l i k e l y  r e l a t e d  t o  
magma o r  h o t  i n t r u s i o n s  a t  d e p t h .  P r e v i o u s  a n d  c o n c u r r e n t  
SP s t u d i e s  i n  K i l a u e a ' s  summit  a r ea  showed t h a t  s i m i l a r  t y p e s  
o f  a n o m a l i e s  can b e  r e l a t e d  u n a m b i g u o u s l y  t o  s u c h  l o c a l i z a t i o n s  
of h e a t .  The  s o u r c e s  o f  t h e s e  p o t e n t i a l s  a r e  t h o u g h t  t o  a r i s e  
f r o m  s e l e c t i v e  i o n  d i s p l a c e m e n t  i n  t h e  p o r e  f l u i d  b y  t e m p e r a -  
t u r e  a n d / o r  p r e s s u r e  g r a d i e n t s .  

T h r e e  o f  t h e  a n o m a l i e s  mapped i n  E a s t  Puna  a r e  e l o n g a t e  
p a r a l l e l  t o  t h e  r i f t  z o n e .  One o f  t h e s e ,  j u s t  n o r t h  o f  
P u u l e n a  c r a t e r ,  i s  a s s o c i a t e d  w i t h  a s m a l l - a m p l i t u d e  l i n e a r  
a n o m a l y  whose  a x i s  i s  t r a n s v e r s e  (N47'W) t o  t h e  t r e n d  o f  t h e  
r i f t  z o n e .  The  t r a n s v e r s e  f e a t u r e !  i s  l o c a t e d  w h e r e i t h e r e  
a p p e a r s  t o  b e  a n  a r e a l  o f f s e t  ( l e f t  l a t e r a l )  i n  t h e  r i f t  z o n e  
and  i s  c o i n c i d e n t  w i t h  t h e  e p i c e n t r a l  a r e a  o f  r e c u r r e n t ,  
s h a l l o w  (-4 km) e a r t h q u a k e  s w a r m s  i n  r e c e n t  y e a r s .  T h e s e  
f a c t o r s ,  t o g e t h e r  w i t h  some h y d r o l o g i c  a n d  g e o l o g i c  i n f e r e n c e s ,  
c o l l e c t i v e l y  s u g g e s t  t h a t  t h e  SP f e a t u r e s  i n  t h i s  a r e a  r e f l e c t  
p e r m e a b l e ,  v e r t i c a l  f r a c t u r e s  t h a t  h a v e  h o t - w a t e r  c o n t i n u i t y  
w i t h  a r e l a t i v e l y  b r o a d  h e a t  s o u r c e  a t  d e p t h .  T h e  r e s u l t s  
a n d  c o n c l u s i o n s  d e r i v e d  f r o m  t h i s  s t u d y  were i n s t r u m e n t a l  
i n  s i t i n g  a t e s t  h o l e  t h a t  was s u b s e q u e n t l y  d r i l l e d  a s  p a r t  
of t h e  U n i v e r s i t y  o f  H a w a i i ' s  g e o t h e r m a l  p r o g r a m .  
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I N T R O D U C T I O N  

A d e t a i l e d  s e l f - p o t e n t i a l  (SP)  s u r v e y  of t h e  l o w e r  e a s t  
r i f t  z o n e  of K i l a u e a  v o l c a n o  ( E a s t  Puna)  ( F i g .  1) was u n d e r -  
t a k e n  i n  mid-1974 t o  h e l p  l o c a t e  a s i t e  f o r  t h e  U n i v e r s i t y  of  
Hawai i ' s  e x p l o r a t o r y  g e o t h e r m a l  d r i l l i n g  p r o j e c t .  The  
r a t i o n a l e  f o r  m a k i n g  t h i s  s u r v e y  w a s  t h a t  e x t e n s i v e  s t u d i e s  
by t h e  a u t h o r  i n  many o t h e r  a r eas  of K i l a u e a  h a v e  shown t h a t  
SP m e a s u r e m e n t s  a p p e a r  t o  be t h e  s i n g l e  m o s t  u s e f u l  me thod  
f o r  i d e n t i f y i n g  a n o m a l o u s  t h e r m a l  areas i n  K i l a u e a  ( Z a b l o c k i ,  
1 9 7 6 ) .  I n  t h e s e  s t u d i e s ,  p o s i t i v e - p o t e n t i a l  a n o m a l i e s ,  of a s  
much as  1 6 0 0  mV a c r o s s  l a t e r a l  d i s t a n c e s  of a k i l o m e t e r  o r  
l ess ,  were f o u n d  t o  b e  r e l a t e d  u n a m b i g u o u s l y  and  e x c l u s i v e l y  
t o  s u b s u r f a c e  l o c a l i z a t i o n s  of  h e a t .  F u r t h e r  i m p e t u s  f o r  t h e  
d e t a i l e d  SP s u r v e y  i n  E a s t  Puna w a s  p r o v i d e d  by  a n - e a r l i e r  SP 
r e c o n n a i s s a n c e  s u r v e y  t h e r e  i n  w h i c h  two p r o m i n e n t  a n o m a l i e s  
were d e t e c t e d .  One a n o m a l y  w a s  a s s o c i a t e d  w i t h  some s t e a m i n g  
f i s s u r e s  f o r m e d  b y  t h e  1 9 5 5  e r u p t i o n  t h a t  c r o s s e d  t h e  Pahoa -  
Kaimu h ighway  (Macdonald  a n d  E a t o n ,  1 9 6 4 ,  t h e i r  F i g .  4 ) ;  t h e  
o t h e r  w a s  l o c a t e d  j u s t  n o r t h  of P u u l e n a  c r a t e r  ( F i g .  1) i n  a n  
area w h e r e  n o L  s u r f a c e  t h e r m a l  m a n i f e s t a t i o n 6  a r e  e v i d e n t .  
T h i s  r e p o r t  s u m m a r i z e s  t h e  r e s u l t s  and  c o n c l u s i o n s  d e r i v e d  
f rom t h i s  s t u d y  t h a t  l e d  t o  t h e  s i t i n g  of  t h e  U n i v e r s i t y  o f  
H a w a i i ' s  d r i l l  h o l e . .  

G E N E R A L I Z E D  G E O L O G I C  SETTING 

Eas t  Puna i s  l o c a t e d  on t h e  e a s t  f l a n k  of K i l a u e a  v o l c a n o  

a r c h  t h a t  h a s  
l e i i t i c  b a s a l t  

- n o r t h  ea s t d i r e c t  i rom n e a r  t h e  
r i f t  z o n e  

s u r e s ,  s p a t t e r  
1). Late  p r e h i s -  

s o u t h w e s t )  a n d  
e v i d e n c e  h a v e  

o c c u r r e d  i n  a b o u t  
961. H i s t o r i c  

c 

e e d s  m o s t  of t h e s e  
t o  5-km) r e s e r v o i r  L J *  
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. .  

F i g u r e  1 P r e l i m i n a r y  g e o l o g i c  map of E a s t  Puna i n  t h e  
v i c i n i t y  o f  K i l a u e a ' s  l ower  e a s t  r i f t  z o n e  
( c o m p i l a t i o n  v i a  a e r i a l  p h o t o g r a p h s  by  R.T. Holcomb, 
U.S. G e o l o g i c a l  S u r v e y ,  w r i t t e n  communica t ion ,  1977) .  
E r u p t i v e  f i s s u r e s  ( c r o s s - h a t c h e d )  and f a u l t s  ( s o l i d  
l i n e s  w i t h  b a l l  o n  downthrown s i d e ) ,  d a t e d  where  
h i s t o r i c ;  o t h e r w i s e  l a t e  p r e h i s t o r i c  (LPH). Dashed 
f a u l t s  a r e  i n f e r r e d .  O u t s i d e - h a c h u r e d  f e a t u r e s  
a r e  c i n d e r  c o n e s ;  i n s i d e - h a c h u r e d  f e a t u r e s ,  l a b e l e d  
Kuhuwai, P u u l e n a ,  and Pawa i ,  a re  p i t  c r a t e r s .  
Hachured f e a t u r e  and dashed  l i n e  on i n d e x  map show 
l o c a t i o n  o f  K i l a u e a ' s  s u m m i t  c a l d e r a  and a x i s  of  
ea s t  r i f t  zone ,  r e s p e c t i v e l y .  Shaded a reas  ~ 

a p p r o x i m a t e l y  d e l i m i t  t h e  e x t e n t  o f  t h e  f o u r  most  
s i g n i f i c a n t  a n o m a l i e s  shown i n  F i g u r e  2 and d i s -  
c u s s e d  i n  t h e  t e x t .  
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complex  b e n e a t h  K i l a u e a  C a l d e r a  ( E a t o n ,  1 9 6 2 ;  F i s k e  a n d  
K i n o s h i t a ,  1969)  a n d  i s  i n j e c t e d  t o w a r d  t h e  s u r f a c e  as  t h i n ,  
s t e e p l y  d i p p i n g ,  b l a d e l i k e  d i k e s  ( F i s k e  a n d  J a c k s o n ,  1972; 
J a c k s o n  e t  a l . .  1975 :  Swanson e t  a l . .  1 9 7 6 a . b ) .  S i m i l a r  
e v i d e n c e ,  w i t h - p e t r o c h e m i c a l  s u p p o r t ;  h a s  i i p i i e d  t h e  p r e s -  
e n c e  o f  some s u m m i t - s u p p l i e d ,  s h a l l o w  r e s e r v o i r s  w i t h i n  t h e  
ea s t  r i f t - z o n e  t h a t  f e e d  magma t o  t h e  s u r f a c e  r a t h e r  t h a n  
d i r e c t l y  f rom t h e  summit r e s e r v o i r  ( W r i g h t  a n d  F i s k e ,  1 9 7 1 ;  
Swanson e t  a l . ,  1 9 7 6 b ) .  

MENT EQUIPMENT AND TECHNIQUES 

T h e  ' b a s i c  e q u i p m e n t  u s e d  f o r  SP m e a s u r e m e n t s  c o n s i s t e d  
o f  a p a i r  of n o n p o l a r i z i n g  e l e c t r o d e s  ( c o n v e n t i o n a l  c o p p e r -  
c o p p e r  s u l p h a t e  p o r o u s  p o t s ) ,  a c o n n e c t i n g ,  i n s u l a t e d ,  s i n g l e -  
c o n d u c t o r  c a b l e ,  a n  h i g h - i n p u t  i m p e d a n c e  ohms) 
e l e c t  r ome t er  amp 1 i f whose  o u t p u t  was c o n n e c t e d  t o  a 3 - ' l / 2  

a d e q u a t e ,  sin 'ce s u f f i c i e n t  m o i s t u r e  u s u a l l y  was f o u n d  w i t h i n  
a f ew c e n t i m e t e r s  s u r f a c e .  I n  a f e w  a reas  c o v e r e d  
b y  r e c e n t  l ava  f l o  t a c t  r e s i s t a n c e  w a s  r e d u c e d  by  
p l a c i n g  a m o i s t  s p  a n d  t h e  g r o u n d  

c t r i c a l  c o n t a c t  w i t h  t h e  g r o u n d  w a s  

P o t e ' n t i a l  d i f f e r e n c e s  e , m e a s u r e d  b e t w e e n  a f i x e d  e l ec -  
t r o d e  a n d  a moving  e l e c t r o d e  a d v a n c e d  i n  100-m o r  s m a l l e r  
i n c r e m e n t s  t h a t  were marked  on  a c a l i b r a t e d ,  800-m-long con-  
n e c t i n g  c a b l e .  When t h e  c a b l e  w a s  f u l l y  e x t e n d e d  a l o n g  a 
t r a v e r s e ,  t h e  a d v a n c e d  e l e c t r o d e  became t h e  s t a t i o n a r y  e l e c t r o d e  
f o r  t h e  s u b s e q u e n t  e x t e n s i o n  o f  t h e  t r a v e r s e .  The  p o t e n t i a l  
d i f f e r e n c e s  b e t w e e n  e l e c t r o d e  p o s i t i o n s ,  800 m a p a r t ,  were 
p r o g r e s s i v e l y  a d d e d  a l g e b r a i c a l l y  t o  o b t a i n  t h e  p o t e n t i a l  

a s t a r t i n g  p o i n t .  A s  t h e  s u r v e y  
l e c t r o d e  s i t e s  on 

Y 

b y  l a y i n g  o u t  some 
e a r l y  d i s t r i b u t i n g  t h e  

, 
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e c o n t o u r  map ( F i g .  2) shows t h e  s u r f a c e  s f - p o t e n t i a l  
d i s t r i b u t i o n  d e r i v e d  from t h e s e  g r a d i e n t  measu remen t s .  The 
p o t e n t i a l  va lues  u s e d  t o  c o n t o u r  t h e  map were r e f e r e n c e d  t o  
a common measurement  l o c a t i o n  t h a t  was a r b k t r a r i l y  e s t a b l i s h e d  
as  z e r o .  The t r a v e r s e  ne twork  w a s  l a r g e l y  l i m i t e d  t o  e x i s t i n g  
r o a d s  and t r a i l s ,  e x c e p t  i n  a few wooded a reas  where  more 
d e t a i l  w a s  d e s i r e d  (see F i g .  3 f o r  t r a v e r s e  l o c a t i o n s ) .  
V i r t u a l l y  none  o f  t h e  o r i g i n a l  d a t a  were  smoothed i n  c o n s t r u c -  
t i n g  t h i s  map. T h e r e f o r e ,  e x c e p t  f o r  some i s o l a t e d  s i n g l e -  
c o n t o u r  c l o s u r e s  shown, a g e n e r a l l y  low backbround  n o i s e  l e v e l  
(-.= -50 mV) c a n  b e  i n f e r r e d .  

The mo'st p r o m i n e n t  f e a t u r e s  of  t h e  c o n t o u r  map a r e  f o u r  
d i s t i n c t ,  l o c a l i z e d ,  p o s i t i v e - p o t e n t i a l  a n o m a l i e s  ( i d e n t i f i e d  . 

i n  Fig. .  2 and r e f e r r e d  t o  i n  f o l l o w i n g  d i s c u s s i o n s ~  a s  A, B y  
C y  and D) and a l a r g e  a m p l i t u d e  r e g i o n a l  p o t , e n t i a l  g r a d i e n t  
whose d i r e c t i o n  g e n e r a l l y  t r e n d s  downslope  t o  t h e  o c e a n .  The 
p r e v i o u s l y  d e t e c t e d  a n o m a l i e s  A and B y  t o g e t h e r  w i t h  anomaly 
D, a r e  e l o n g a t e  p a r a l l e l  t o  t h e  r i f t  zone  and a r e  a r r a n g e d  
e n  e c h e l o n ,  e a c h  one  s l i g h t l y  o f f s e t  t o  t h e  l e f t .  I n  c o n t r a s t ,  
anomaly C i s  o r i e n t e d  t r a n s v e r s e  t o  t h e  t r e n d  of t h e  r i f t  
z o n e .  

SOURCE MECHANISMS 

The o r i g i n  of  t h e  l a r g e  p o t e n t i a l s  shown i n  F i g u r e  2 ,  
and even  l a r g e r  o n e s  measured  n e a r  t h e  s u m m i t  o f  K i l a u e a ,  i s  
n o t  y e t  w e l l  u n d e r s t o o d .  V a r i o u s  t y p e s  of  e v i d e n c e ,  however ,  
f a v o r  an  e l e c t r o n k i n e t i c  phenomenon a s  t h e  p r i m a r y  s o u r c e .  
The p o t e n t i a l s  a r e  t h o u g h t  t o  r e s u l t  from t h e  d i f f e r e n t i a l  
d i s p l a c e m e n t  of  c e r t a i n  i o n  s p e c i e s  i n  t h e  t h e r m a l  w a t e r s  t h a t  
o v e r l i e  d e e p e r - s e a t e d  h o t  z o n e s .  : O t h e r  p o t e n t i a l - g e n e r a t i n g  
p r o c e s s e s  such  as  i s o t h e r m a l  d i f f u s i o n - a d s o r p t i o n  o r  o x i d a t i o n /  
r e d u c t i o n  a r e  d i s c o u n t e d  as p r o b a b l e  p r i m a r y  s o u r c e s  on t h e  
b a s i s  o f  t h e i r  l i m i t e d  e l e c t r i c  p o t e n t i a l  c a p a c i t y  o r  t h e  
many r e s t r i c t i v e  c o n d i t i o n s  r e q u i r e d  t o  p r o d u c e  them. Thermo- 
e l e c t r i c  p r o c e s s e s ,  i n v o l v i n g  a d i r e c t  i n t e r a c t i o n  be tween  
l i q u i d  and s u b s o l i d u s  l a v a ,  a l s o  a r e  d i s c o u n t e d  b e c a u s e  of  
t h e  u n r e a l i s t i c a l l y  s h a l l o w  d e p t h s  of magma i n f e r r e d  from 
a n a l y z i n g  some SP a n o m a l i e s .  F u r t h e r ,  a c l e a r l y  d e f i n e d  
m a g n e t i c  f i e l d  i n t e n s i t y  anomaly was o u t l i n e d  o v e r  a mapped ' 

s h a l l o w  SP f e a t u r e  a t  t h e  s u m m i t  ( Z a b l o c k i ,  1976) .  T h e  i n t e r -  
p r e t e d  s o u r c e  d e p t h s  were a b o u t  t h e  same, and h e n c e ,  i m p l i e d  
t h a t  t h e  r o c k s  i n  t h e  anomalous r e g i o n  were be low t h e i r  C u r i e  
t e m p e r a t u r e  (C 58OOC). L1* 
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Two p l a u s i b l e  mechanisms- c a p a b l e  of p r o d u c i n g  l a r g e  
p o t e n t i a l s  by  t h e r m a l l y - i n d u c e d ,  i o n - d i s p l a c e m e n t  p r o c e s s e s  
a r e  e l e c t r o f i l t r a t i o n  and t h e r m a l  d i f f u s i o n .  E l e c t r o f i l t r a t i o n  
( s t r e a m i n g )  p o t e n t i a l s  c a n  a r i s e  when a d i f f e r e n t i a l  f l u i d  
p r e s s u r e  e x i s t s  i n  t h e  p o r e - w a t e r  s y s t e m  o f  a r o c k  (Dakhnov, 
1959) .  I o n s  o f  t h e  same p o l a r i t y  i n  t h e  p o r e  water a re  a b s o r b e d  
p r e f e r e n t i a l l y  a l o n g  t h e  p o r e  w a l l s ,  l e a v i n g  an  excesq of 
o p p o s i t e - c h a r g e d  i o n s  i n  t h e  p o r e  w a t e r .  Charge  s e p a r a t i o n  o c c u r s  
when t h e  water f l o w s  b e c a u s e  o f  t h e  d i f f e r e n t i a l  p r e s s u r e .  
S i m u l t a n e o u s l y ,  a c o u n t e r - e l e c t r o m o t i v e  f o r c e  i s  e s t a b l i s h e d  
t o  impede t h e  water  f low.  Most r o c k s  a b s o r b  a n i o n s ,  s o  t h a t  
t h e  f r e e  water  w i l l  c o n t a i n  excessive c a t i o n s .  A c c o r d i n g l y ,  
t h e  r e s u l t i n g  p o t e n t i a l  g r a d i e n t  w i l l  b e  p o s i t i v e  i n  t h e  
d i r e c t i o n  toward  t h e  l o w - p r e s s u r e  s i d e  o f  t h e  sys t em.  The 
m a g n i t u d e  o f  t h e  p o t e n t i a l s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
d i f f e r e n t i a l  p r e s s u r e ,  t h e  i o n - a d s o r p t i o n  e f f i c i e n c y  o f  t h e  
r o c k  ( z e t a  p o t e n t i a l ) ,  and t h e  r e s i s t i v i t y  o f  t h e  p o r e  water .  
L a b o r a t o r y  s t u d i e s  on  s e d i m e n t a r y  r o c k s  and on q u a r t z  c a p i l l a r y  
t u b e s ,  u s i n g  m o d e r a t e l y  c o n d u c t i n g  e l e c t r o l y t e s ,  h a v e  y i e l d e d  
v a l u e s  o f  s t r e a m i n g  p o t e n t i a l  c o e f f i c i e n t s  o f  a few t o  t e n s  
of m i l l i v o l t s  p e r  a t m o s p h e r e  (Nourbehech t ,  1963;  Bogos lovsky  
and 0 i l v  , 1972) .  Remarkably h i g h  v a l u e s  o f  2 1  Y / a t m  h a v e  
&red b y  Rsza  and Msrsden  (1967) a c r o s s  P y r e x  t u b e s  
c o n t a i n i n g  n o n i o n i c ,  aqueous  foams. The p o s s i b i l i t y  o f  
e l e c t r o f i l t r a t f o n  p r o c e s s e s  t o  a c c o u n t  f o r  t h e  l a r g e - m a g n i t u d e ,  
p o s i t i v e - p o t e n t i a l  a n o m a l i e s  measu red  i n  K i l a u e a  would depend 
l a r g e l y  on t h e  dynamic p r e s s u r e s  d e v e l o p e d  i n  a h y d r o t h e r m a l  
c o n v e c t i o n  c e l l  t h a t  m i g h t  b e  formed above  a magma body o r  
h i g h - t e m p e r a t u r e  l avas  and t h e  n a t u r e  of  t h e  c o n v e c t i n g  i n t e r -  
s t i t i a l  f l u i d s .  F o r  example ,  i t  i s  g e n e r a l l y  assumed t h a t  
t h e  p o r e  waters  o v e r l y i n g  a h e a t  s o u r c e  have  low r e s i s t i v i t i e s  
b e c a u s e  o f  t h e i r  h i g h  t e m p e r a t u r e s ,  and  p o s s i b l y ,  b e c a u s e  o f  
i n c r e a s e d  c o n c e n t r a t i o n s  of  d i s s o l v e d  m i n e r a l s .  Such a c o n d i -  
t i o n  would p resumab ly  d e c r e a s e  t h e  e f f i c i e n c y  o f  t h e  e n c l o s i n g  
w a l l r o c k ' s  a b s o r p t i o n  a b i l i t y  and ,  h e n c e ,  would r e s u l t  i n  t h e  
deve lopment  o f  l o w - a m p l i t u d e  s t r e a m i n g  p o t e n t i a l s .  I f ,  however ,  
t h e  p o r e  f l u i d  a t  some d e p t h  e x i s t e d  p a r t i a l l y  o r  w h o l l y  i n  a 
v a p o r  p h a s e ,  t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  f l u i d  m i g h t  
b e  m a r k e d l y  r e d u c e d .  It i s  c o n c e i v a b l e  t h a t  u n d e r  t h i s  c o n d i -  
t i o n ,  l a r g e - m a g n i t u d e  p o t e n t i a l s  c o u l d  d e v e l o p  i n  a c r u d e l y  
a n a l o g o u s  way t o  t h e  foams u s e d  by Raza and Marsden.  I t  is 
i n t e r e s t i n g  t o  n o t e  t h a t  D o r f m a n  ( w r  i t t e n  c ommu n i c 8 t i o  n , 
1976) r e c e n t l y  measu red  dynamic changes  i n  s e l f  p o t e n t i a l s  i n  
t h e  v i c i n i t y  o f  a n  o i l  w e l l  i n  Texas d u r i n g  a s t e a m  i n j e c t i o n  
e x p e r i m e n t .  Aga in ,  i t  is p o s s i b l e  t h a t  t h e s e  p o t e n t i a l s  
r e s u l t e d  from t h e  movement o f  s t e a m  t h r o u g h  t h e  r o c k  p o r e s .  

- 
I n  g e n e r a l ,  t h e  p r e s e n c e  o f  i t e m p e r a t u r e  g r a d i e n t  i n  an 

e l e c t r o l y t e  g i v e s  rise t o  a p o t e n t i a l  g r a d i e n t ,  t h e  t h e r m a l  
d i f f u s i o n  p o t e n t i a l .  The p o t e n t i a l  g r a d i e n t  a r i s e s  f rom t h e  
t e n d e n c y  of  t h e  i o n s  t o  d i f f u s e  a t  d i f f e r e n t  s p e e d s ,  t h e  
p o l a r i t y  and m a g n i t u d e  b e i n g  s u c h  as t o  e q u a l i z e  t h e s e  d i f f u s i o n  
r a t e s .  F o r  most  e l e c t r o l y t e s  composed of n e u t r a l  s a l t s ,  t h e  
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the area of Kilauea's lower east rift zone (dashed 
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location of profile shown in Figure 4. 
circle shows location of the University of Hawaii's 
geothermaf drill hole. Shaded areas, labeled A ,  B, 
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h o t t e r  s i d e  o f  t h e  s y s t e m  i s  p o s i t i v e .  R e p o r t e d  v a l u e s  o f  

t h e  o r d e r  o f  0 .2  t o  0 . 5  mV/deg ( T y r r e l l  and  C o l l e d g e ,  1 9 5 4 ) ,  
b u t  were shown t o  b e  much l a r g e r  b y  t h e  p r e s e n c e  o f  h i g h  
d i f f u s i o n - r a t e  i o n s  s u c h  as  h y d r o g e n  o f  h y d r o x y l .  I t  i s  
p o s s i b l e  t h a t  t h e s e  p o t e n t i a l s  c o u l d  b e  s e v e r a l  t i m e s  l a r g e r  
u n d e r  a d y n a m i c  s t a t e ,  a s  m i g h t  o c c u r  i n  s i t u ,  t h a n  i n  t h e  s t a -  

* t h e r m a l  p o t e n t i a l  c o e f f i c i e n t s  of common e l e c t r o l y t e s  a r e  of 
w 

t i c  c o n d i t i o n  as  m e a s u r e d  i n  t h e  l a b o r a t o r y  (M.  S a t o ,  U.S. 
G e o l o g i c a l  S u r v e y ,  w r i t t e n  c o m m u n i c a t i o n ,  1 9 7 6 ) .  

t h e s e  p r o p o s e d  s o u r c e  mechan i sms  a r e  s p e c u l a t i v e ,  
and  a s y s t e m a t i c  s t u d y  o f  t h e s e  and  o t h e r  p r o c e s s e s  i s  r e q u i r e d  
f o r  a c o m p l e t e  u t i l i z a t i o n  o f  SP d a t a  i n  q u a n t i f y i n g  t h e  con- 
f i g u r a t i o n  o f  s u b s u r f a c e  h e a t  s o u r c e s  as  w e l l  as t h e  mode o f  
d i s t r i b u t i o n  o f  t h e  a s s o c i a t e d  h y d r o t h e r m a l  f l u i d s .  

DISCUSSION OF RESULTS 

Anomaly A h a s  t h e  l a r g e s t  a m p l i t u d e  mapped i n  t h i s  s t u d y  
a n d  i s  t h e  o n l y  o n e  t h a t  i s  r e l a t e d  t o  a s u r f i c i a l  t h e r m a l  
f e a t u r e .  A p r o f i l e  o f  t h e  p o t e n t i a l  d i s t r i b u t i o n  t r a n s v e r s e  
t o  t h e  a x i s  o f  t h i s  anomaly  a n d  e x t e n d i n g  s o u t h e a s t  t o  t h e  o c e a n  
( t r a v e r s e  A - A ' ,  F i g .  4) s e r v e s  as  a b a s i s  f o r  t h e  f o l l o w i n g  

o v e r  some s t e a m i n g  e r u p t i v e  v e n t s  f o r m e d  b y  t h e  1 9 5 5  e r u p t i o n  
( F i g .  1). U n l i k e  t h e  o t h e r  d e l i n e a t e d  a n o m a l i e s  ( B ,  C ,  a n d  D )  , 
o r  t h o s e  mapped p r e v i o u s l y  a t  a n d  n e a r  t h e  s u m m i t ,  a r e l a t i v e l y  
l a r g e - a m p l i t u d e  low,  o e g a t i v e ,  P O  f e a t u r e  i s  d e v e l o p e d  
o n  i t s  s o u t h e a s t  s i d e .  h e  p e a k - t b -  l i t u d e  o f  t h e  com- 
p o s i t e  d i p o l a r  a n o m a l y  i s  a b o u t  800  o v e r  a l a t e r a l  d i s t a n c e  

' T h e  l a r g e ,  s m o o t h ,  p o t e n t i a l  g r a d i e n t  c o n t i n u i n g  s o u t h -  

6 d i s c u s s i o n .  The  p o s i t i v e  p e a k  o.f t h e  anomaly  o c c u r s  d i r e c t l y  

. o f  a b o u t  800 m.  

e a s t  t o  t h e  o c e a n  c a n n o t  r e s u l t  f r o m  t h e  e s t a b l i s h m e n t  o f  a 
c o n c e n t r a t i o n  g r a d i e n t  b e t w e e n  f r e s h  me teo r i c  g r o u n d  w a t e r  
a n d  sea  w a t e r  ( d i f f u s i o n  p o t e n t l a l ) .  N o t w i t h s t a n d i n g  a f o u r -  
d e c a d e  d i f f e r e n c e  i n  s a l i n i t y ,  t h e  maximum p o t e n t i a l  d i f f e r e n c e  
g e n e r a t e d  w o u l d  e o n l y  a b o u t  3OtmV ( C o r w i n ,  1 9 7 6 ) ,  I t  i s  
l i k e l y ,  h o w e v e r  t h a t  t h i s  r e g i o n a l  g r a d i e n t  c o u l d  e s u  1 t f r o m  
s t r e a m i n g  p o t e n  a l s  d e v e l o p e d . b y  t h e  d e s c e n t  o f  m 
water  t h r o u g h  t h e  u n d e r s a t u r a t e d  lava6 t o  t h e  l o c a l  water  t a b l e  
near  sea  l e v e l  T h e  d i f f e r e n c e  i n  p o t e n t i a l  w i t h  r e s p e c t  t o  
s u r f a c e  e l e v a t  i n  t h i s  a r e a  is -1.8 m V / m  a n d  would  
c o r r e s p o n d  t o  a b o u t  -18 m V / a t m ,  a s s u m i n g  ome h y d r a u l i c  

Wi th  t h i s  a s s u m p t i o n ,  a n  " e l e v a t i o n "  c o r r e c t i o n  w a s  s u b -  
t r a c t e d  f r o m  t h e  p r o f i l e  a l o n g  t r a v e r s e  A - A ' .  I t  is s e e n  
t h a t  t h e  e l e v a t i o n - c o r r e c t e d  p r o f i l e  does n o t  a l t e r  s i g n i -  
f i c a n t l y  t h e  s h a p e  of  t h e  d i p o l a r  a n o m a l y .  The  p r o n o u n c e d  
l o w  i s  s t i l l  p r e s e r v e d ,  a l t h o u g h  d i m i n i s h e d  i n  a m p l i t u d e  
and  g r a d i e n t  o n  i t s  s o u t h e a s t  s i d e .  

* c o n t i n u i t y  o f  t h e  m e t e o r i c  water  i n  t h e  v a d o s e  z o n e .  

W 
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STEAMING FISSURE OF 9/55 IA I 

F i g u r e  4 S e l f - p o t e n t i a l  p r o f i l e  ( s o l i d )  a l o n g  t r a v e r s e  A-A'  
( F i g .  2) and m o d i f i e d  p r o f i l e  (dashed)  a f t e r  
removal  o f  a n  " e l e v a t i o n t 1  g r a d i e n t .  The c r o s s  
s e c t i o n  shown be low t h e  p r o f i l e  i s  a c o n c e p t u a l  
model  of  t h e  h y d r o l o g y  and s u b s t r u c t u r e  t h a t  may 
a c c o u n t  f o r  t h e  p o t e n t i a l  d i s t r i b u t i o n  as d i s c u s s e d  
i n  t h e  t e x t .  A r r o w e d - l i n e s  be low w a t e r  t a b l e  a r e  
i d e a l i z e d  s t r e a m l i n e s  o f  f l u i d  ( l i q u i d  and v a p o r )  
f l o w ,  and above  w a t e r  t a b l e ,  a r e  downward mig ra -  
t i o n  o f  m e t e o r i c  water .  
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A l o n g , t h i n ,  and  v e r t i c a l  h e a t  s o u r c e  i m p l a c e d  i n  a 

t r i b u t i o n  o f  t h e  p o t e n t i a l s  o v e r  t h e  s o u r c e .  The  p r o n o u n c e d  
a symmet ry  i n  a n o m a l y  A s u g g e s t s  e i t h e r  a n o n - v e r t i c a l  i n c l i n a t i o n  
o f  t h e  c a u s a t i v e  h o t  d i k e  and  t h e  r e s u l t a n t  f i s s u r e  t o  t h e  
s u r f a c e ,  o r  some marked  d i f f e r e n c e  i n  t h e  g r o s s  d i s t r i b u t i o n  
o f  f l u i d  p e r m e a b i l i t y  o f  t h e  r o c k s  t h a t  f l a n k  t h e  f i s s u r e .  
T h e s e  two p o s s i b i l i t i e s  a r e  i l l u s t r a t e d  t o g e t h e r  i n  t h e  c o n -  
c e p t u a l  m o d e l  shown i n  F i g u r e  4. I f  t h e  mass t r a n s f e r  o f  h e a t  
f r o m  d e p t h  i s  g u i d e d  a l o n g  a n o r t h w e s t - d i p p i n g  f i s s u r e ,  t h e  
s t r e a m l i n e s  o f  f l u i d  f l o w  on  t h e  f o o t w a l l  s i d e  w i l l  t u r n  down 
w i t h  l e s s  h o r i z o n t a l  e x t e n s i o n  t h a n  o n  t h e  h a n g i n g w a l l  s i d e .  
T h i s  l a t e r a l l y  a s y m m e t r i c  p a t t e r n  o f  f l u i d  f l o w  a l s o  c o u l d  
r e s u l t ,  o r  become e n h a n c e d ,  i f  a s t e e p l y  d i p p i n g ,  m o d e r a t e l y  
i m p e r v i o u s  d i k e  was l o c a t e d  s e v e r a l  h u n d r e d  meters  p a r a l l e l  
t o  and  s o u t h  o f  t h e  f i s s u r e .  T h e r e ,  t h e  c o n v e c t i n g  f l u i d  
w o u l d  b e  c o n s t r a i n e d  i n  i t s  h o r i z o n t a l  e x t e n s i o n  and  f o r c e d  
t o  d e s c e n d  i n  a t i g h t e r  p a t t e r n  t h a n  i n  a n  unbounded  r e g i o n  
o n  t h e  n o r t h w e s t  s i d e .  B o t h  c o n c e p t s  a r e  g e o l o g i c a l l y  
r e a s o n a b l e .  A n o r t h w e s t  d i p  f o r  t h e  f i s s u r e  c o u l d  c o r r e s p o n d  
t o  a s o u t h e a s t - b o u n d i n g  f a u l t  o f  a g r a b e n  f o r m e d  d u r i n g ,  o r  
p r i o r  t o , . t h i s  e r u p t i o n .  The  f o r m a t i o n  o f  g r a b e n s  i s  common 
a l o n g  r i f t  z o n e s  i n  H a w a i i  a s  a r e s u l t  o f  t h e  s t r e t c h i n g  
o f  t h e  r i f t - z o n e  a r c h  and  s u b s e q u e n t  s e t t l i n g  o f  a k e y s t o n e  
b l o c k  a l o n g  i t s  a x i s  (Wen twor th  and  M a c d o n a l d ,  1 9 5 3 ) .  D u r i n g  
t h e  e r u p t i o n  o f  1 9 5 5 ,  Macdona ld  and  E a t o n  (1964)  o b s e r v e d  t h e  
f o r m a t i o n  o f  n o r t h w e s t - f a c i n g  f a u l t  s c a r p s ,  w i t h  o f f s e t s  up  
t o  0 . 5  m ,  t h a t  m a r k e d  t h e  s o u t h  e d g e  o f  n a r r o w  g r a b e n  i n  t h e  
v i c i n i t y  o f  t h e  e r u p t i v e  f i s s u r e s  bounded  b y  a n o m a l y  A.  The  
n o r t h  e d g e  o f  t h e  g r a b e n ,  j u s t  n o r t h  o f  t h e  f i s s u r e s ,  w a s  a 
z o n e  o f  f l e x u r e  m a r k e d  b y  a s e r i e s  o f  o p e n  c r a c k s  b u t  w i t h o u t  
a n y  t r u e  f a u l t i n g .  

. l a t e r a l l y  homogeneous  medium wou ld  r e s u l t  i n  a s y m m e t r i c  d i s -  
4 J  

t 

T h e  c o n c e p t  o f  a n  i m p e r v i o u s  d i k e  c o n s t r a i n i n g  t h e  f l u i d  
f l o w  on t h e  s o u t h e a s t  s i d e  of t h e s e  e r u p t i v e  f i s s u r e s  is a 
p e r m i s s i b l e  h y p o t h e s i s  b a s e d  on known s t e e p l y  d i p p i n g  d i k e s  
i n  many o f  t h e  r i f t  z o n e s  i n  Hawaii  t h a t  impound g r o u n d  water  
t o  h i g h  l e v e l s  ( 1 9 4 6 ) .  A l s o ,  i t  i s  

y t h a t  a l t h o u g h  102OC steam was m e a s u r e d  a t  169-m 
a n  e x p l o r a t o r y  l e  d r i l l e d  i 1 9 6 1  d i r e c t l y  on t h e  . 

a x i s  of t h e  e r u p t i v e  f i  r e s  ( s u r f a c e  l e v a t i o n * o f  315  m ) ,  
a w a t e r  w e l l  d r i l l e d  n l y  2 . 3  km t o  t h e  s o u t h  e n c o u n t e r e d  
f r e s h  b a s a l  water  t y  a n d  n o r m a l  t e m p e r a t u r e s  
( M a c d o n a l d ,  1973)  e v i d e n c e  t e n  i n g  t o  s u p p o r t  
t h e  e x i s t e n c e  o f  t h i s  a rea  i s  t h a t  

e t w e e n  Cape 
no  a n o m a l o u s  w a r m  

* wn t o  o c c u r  a t  t h  r e c t l y  d o w n s l o p e  
f rom t h e  s t e a m i n g  f i s s u r e s .  

Anomaly B h a s  a p o s i t i v e  p e a k  v a l u e  s i m i l a r  t o  A (- 450  m V ) ,  u b u t  i s  e s s e n t i a l l y  m o n o p o l a r .  The  a x i s  o f  anomaly  B l i e s  p a r t l y  
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on  a 1790 e r u p t i v e  f i s s u r e  r a t h e r  t h a n  a l o n g  t h e  a x i s  o f  o n e  
of t h e  more  r e c e n t  1 9 5 5  f i s s u r e s  ( F i g .  1). C u r i o u s l y ,  e x c e p t  
f o r  A, o n l y  weak t o  n e g l i g i b l e  a n o m a l i e s  a r e  a s s o c i a t e d  w i t h  
t h e  o t h e r  e r u p t i v e  v e n t s  o f  1955  o r  t h o s e  f o r m e d  f a r t h e r  
n o r t h e a s t  i n  1960  ( F i g .  1). The  p o t e n t i a l  d i s t r i b u t i o n s  o f  
anomaly  B e x t e n d  h o r i z o n t a l l y  s l i g h t l y  m o r e  on  t h e  n o r t h w e s t  
s i d e  t h a n  on  t h e  s o u t h e a s t  s i d e  (see d e t a i l e d  c o n t o u r  map i n  
F i g .  5 ) .  T h i s  a symmet ry  m i g h t  i m p l y  a n o r t h w e s t  d i p  of  t h e  
c a u s a t i v e  f i s s u r e  s i m i l a r  t o  t h e  a l t e r n a t i v e  e x p l a n a t i o n  
o f f e r e d  f o r  anomaly  A. The l a c k  o f  a n e g a t i v e  component  t o  
a n o m a l y  B s u g g e s t s  t h a t  n o  i m p e r v i o u s  d i k e  e x i s t s  on i t s  
s o u t h e a s t  s i d e  as w a s  c o n s i d e r e d  f o r  anomal 'y  A.  T h e  numerous  
warm b a s a l  s p r i n g s  a l o n g  t h e  d o w n s l o p e  b e a c h e s  a n d  t h e  o c c u r -  
r e n c e  o f  h o t  ( 5 5 O C )  b r a c k i s h  w a t e r  i n  a w e l l  l o c a t e d  a b o u t  
2 km s o u t h e a s t  of  t h e  anomaly  (Macdona ld ,  1973)  s u p p o r t  t h i s  
i n f e r e n c e .  

The a x i s  o f  a n o m a l y  C s t r i k e s  a p p r o x i m a t e l y  N47OW ( t r a n s -  
ve r se  t o  t h e  d i r e c t i o n  o f  t h e  r i f t  zone )  and  h a s  a s t r i k e .  
l e n g t h  o f  a b o u t  2 km ( F i g .  5 ) .  S u c h  a n  o r i e n t a t i o n  h a s  n o t  
b e e n  o b s e r v e d  f o r  a n y  o f  t h e  l i n e a r  SP a n o m a l i e s  mapped i n  
Puna  o r  i n  p a r t s  of t h e  e a s t  a n d  s o u t h w e s t  r i f t  z o n e s  n e a r  
K i l a u e a ' s  summit .  A l l  o t h e r  l i n e a r  a n o m a l i e s  e i t h e r  c o i n c i d e  
w i t h  o r  a r e  p a r a l l e l  t o  t h e  s t r i k e  o f  e r u p t i v e  a n d  n o n e r u p t i v e  
f i s s u r e s .  A l t h o u g h  t h e r e  a r e  no  i n d i c a t i o n s  o f  f r a c t u r e s  a l o n g  
t h e  a x i s  o f  anomaly  C y  i t s  l o c a t i o n  s u g g e s t s  t h e  p r e s e n c e  o f  a 
t r a n s f o r m  f a u l t  a t  d e p t h .  Some r e a s o n s  a n d  o b s e r v a t i o n s  t h a t  
t e n d  t o  s u p p o r t  t h i s  h y p o t h e s i s  a r e  s u m m a r i z e d  h e r e .  F i r s t ,  
i t  i s  t h o u g h t  t h a t  t h e  SP f e a t u r e  r e f l e c t s  a p e r m e a b l e  f r a c -  
t u r e  t h a t  m a i n t a i n s  f l u i d  c o n t i n u i t y  w i t h  a h e a t  s o u r c e  a t  
d e p t h  ( s ee  d i s c u s s i o n  i n  C o n c l u s i o n s  s e c t i o n ) .  The  f o r m a t i o n  
o f  s u c h  a d e e p ,  t r a n s v e r s e  f r a c t u r e  c o u l d  h a v e  r e s u l t e d  f r o m  
n e t - d i f f e r e n t i a l  h o r i z o n t a l  t e n s i o n a l  s t r e s s e s  d e v e l o p e d  on 
o p p o s i t e  s i d e s  o f  t h e  f e a t u r e  ( s i m i l a r  t o  t h o s e  a c r o s s  t r a n s -  
f o r m  f a u l t s  a l o n g  m i d - o c e a n i c  r i d g e s ) .  U p r i f t  ( s o u t h w e s t )  o f  
t h e  a n o m a l y ,  g r o u n d - d e f o r m a t i o n  s t u d i e s ,  f r e q u e n t  s t ress -  
r e l e a s e  e a r t h q u a k e s ,  a n d  t h e  i n f l u e n c e  o f  Mauna L o a ' s  g r a v i -  
t a t i o n a l  s t r e s s  s y s t e m  a l l  s u p p o r t  t h e  c o n c e p t  o f  s e a w a r d  
movement o f  K i l a u e a ' s  s o u t h  f l a n k  f r o m  i n t r u s i o n  o f  magma 
i n t o  t h e  r i f t  z o n e  ( Swanson e t  a l . ,  1 9 7 6 a  ) .  N o r t h e a s t  
o f  t h e  a n o m a l y ,  h o w e v e r ,  t h e  r e g i o n  is m a r k e d l y  a s e i s m i c  - -  - 
( K o y a n a g i  e t  a l . ,  1 9 7 2 ,  F i g .  2 ;  R.Y. K o y a n a g i ,  p e r s o n a l  communi- 
c a t i o n ,  1977)  a n d  i s  l a r g e l y  beyond  a n y  b u t t r e s s i n g  o r  g r a v i -  
t a t i o n a l - s t r e s s  e f f e c t s  f rom Mauna Loa (Swanson e t  a l . ,  1 9 7 6 a ,  
p .  2 5 ) .  T h e s e  f a c t s  s u g g e s t  t h a t  h o r i z o n t a l  i n t r u s i o n -  
i n d u c e d  d i l a t i o n  i n  t h i s  p a r t  o f  t h e  r i f t  z o n e  i s  m o r e  o r  l ess  
s y m m e t r i c ,  and  no  a p p r e c i a b l e  s t r e s ses  c a n  a c c u m u l a t e .  The 
c h a n g e  i n  t h e  t o p o g r a p h i c  e x p r e s s i o n  o f  t h e  e a s t - r i f t  a r c h  f r o m  
a s y m m e t r i c  ( s t e e p e r  s l o p e s  on s o u t h  s i d e )  u p r i f t  o f  t h e  a n o m a l y  
t o  s y m m e t r i c  d o w n r i f t ,  and  e v e n  s l i g h t l y  a s y m m e t r i c  i n  t h e  
o p p o s i t e  s e n s e  ( s t e e p e r  s l o p e s  on n o r t h  s i d e )  a l o n g  i t s  s u b m a r i n e  
e x t e n s i o n  t o  70 km beyond  Cape Kumukahi ( M a l a h o f f  a n d  McCoy, 
1 9 6 7 ;  Moore ,  1 9 7 1 ) ,  wou ld  seem t o  c o r r o b o r a t e  t h i s  s u g g e s t i o n .  L- 
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F i n a l l y ,  t h e  mode of  g round  d i s p l a c e m e n t s  o f  t h e  m a j o r  g r a b e n  
n e a r  Kapoho ( F i g .  1) i n  1924 (asymmetric s u b s i d e n c e )  l e d  
Swanson e t  a l .  (1976a ,  p.  12) t o  s u g g e s t  t h a t  t h e  n o r t h  s i d e  

t h e  s o u t h  s i d e  moved sou thward .  A s i m i l a r  asymmetric s u b s i -  
d e n c e  of t h i s  g r a b e n  t o o k  p l a c e  d u r i n g  t h e  1960 e r u p t i o n  
( P i c h t e r  e t  al., 1970,  p .  E38). I n  c o n t r a s t ,  t h e  g round  d i s -  
p l a c e m e n t s  r e l a t e d  t o  t h e  g r a b e n  formed i n  1955 n e a r  anomaly 
A ( d i s c u s s e d  i n  a p r e v i o u s  s e c t i o n )  would i m p l y  t h a t  l a r g e r  
h o r i z o n t a l  d i s p l a c e m e n t s  t o o k  p l a c e  on  i t s  s o u t h  s i d e .  

may p o s s i b l y  have  moved more n o r t h w a r d  t h a n  

Anomaly D is f a i r l y  b r o a d  and  i s  l o c a t e d  o v e r  a p r e h i s t o r i c  
f i s s u r e  ( F i g .  1) , b u t  Its r e l a t i v e l y  sma l l  a m p l i t u d e  s u g g e s t s  
t h a t  t h e  p o r e - f l u i d  t e m p e r a t u r e s  and p r e s s u r e s  a t  s h a l l o w  
d e p t h s  a r e  not v e r y  l a r g e .  
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CONCLUSIONS 

- 
L d  

c 

B a s e d  on  t h e  r e s u l t s  f r o m  t h i s  s t u d y ,  a s i t e  f o r  t h e  
U n i v e r s i t y  o f  H a w a i i ' s  e x p l o r a t o r y  g e o t h e r m a l  d r i l l  h o l e  w a s  
recommended i n  t h e  i m m e d i a t e  a r ea  o f  a n o m a l i e s  B and  C.  The  
r e a s o n s  t h i s  a rea  was f a v o r e d  a re :  

1. T h e  w a v e l e n g t h s  o f  t h e s e  l i n e a r  a n o m a l i e s  s u g g e s t  
t h a t  t o p - o f - s o u r c e  d e p t h s  a r e  s h a l l o w ,  c o r r e s p o n d i n g  t o  t h e  
l o c a l  b a s a l  water  t a b l e  (- 2 0 0  m ) .  I t  seems u n l i k e l y  t h a t  t h e  
SP f e a t u r e s  r e s u l t  d i r e c t l y  f r o m  s h a l l o w , b l a d e l i k e  i n t r u s i o n s .  
R e p e a t e d  s u r v e y s  o v e r  r e c e n t  e r u p t i v e  f i s s u r e s  n e a r  t h e  sum- 
m i t  showed t h a t  t h e  a m p l i t u d e s  o f  t h e  a s s o c i a t e d  SP a n o m a l i e s  
d i m i n i s h  w i t h  t i m e  ( Z a b l o c k i ,  1 9 7 6 ) ,  s u g g e s t i n g  r a p i d  c o o l i n g  
o f  t h e  t h i n  d i k e s .  F u r t h e r ,  many c h a r a c t e r i s t i c a l l y  s h o r t -  
w a v e - l e n g t h  SP a n o m a l i e s  d e t e c t e d  i n  t h e  summi t  a r ea  c o i n c i d e  
w i t h  e a r t h q u a k e s  a t  d e p t h s  o f  2 t o  3 km a n d  c a n  b e  e x p l a i n e d  
b y  c o l l i m a t i o n  o f  t h e  h y d r o t h e r m a l  f l u i d s  b y  v e r t i c a l  g r a v i t a -  
t i o n a l  f o r c e s  ( Z a b l o c k i ,  1 9 7 6 ) .  C o n s i d e r i n g  t h e  l e n g t h  o f  
t i m e  s i n c e  t h e  m o s t  r e c e n t  e r u p t i v e  a c t i v i t y  i n  E a s t  Puna  ( 1 9 5 5  
a n d  1 9 6 0 ) ,  t h e  weak t o  n e g l i g i b l e  a n o m a l i e s  m e a s u r e d  o v e r  many 
o f  t h e s e  v e n t s  a n d  t h e  l a c k  o f  s team o r  o t h e r  t h e r m a l  m a n i -  
f e s t a t i o n s  a t  t h e  s u r f a c e  o f  B and  c ,  i t  w a s  c o n c l u d e d  t h a t  
t h e s e  a n o m a l i e s  r e f l e c t  p e r m e a b l e ,  s t e e p l y  d i p p i n g  f r a c t u r e s  
c o n t a i n i n g  water  i n  t h e  l i q u i d  a n d  v a p o r  p h a s e  t h a t  i s  h e a t e d  
b y  h i g h - t e m p e r a t u r e  l avas  o r  magma a t  d e p t h .  T h i s  m o d e l  
r e q u i r e s  t h e  w a l l r o c k s  b o u n d i n g  t h e  f r a c t u r e s ,  a t  l e a s t  t o  
s h a l l o w  d e p t h s ,  t o  b e  r e l a t i v e l y  i m p e r v i o u s .  I t  is g e n e r a l l y  
r e c o g n i z e d  t h a t  s u c h  a s u b s u r f a c e  c o n d i t i o n  w o u l d  b e  n e c e s s a r y  
f o r  t h e  e x i s t e n c e  o f  a n y  v i a b l e  h y d r o t h e r m a l  r e s o u r c e  i n  H a w a i i .  

t 

2 .  A n o m a l i e s  B and  C p r o b a b l y  a r e  i n t e r r e l a t e d  b e c a u s e  
o f  t h e i r  p r o x i m i t y  ( F i g s .  2 a n d  5 ) ,  a n d  i f  s o ,  t h e y  may h a v e  
r e s u l t e d  f r o m  a common, b r o a d  h e a t  s o u r c e  a t  d e p t h .  

3.  The  p o s s i b i l i t y  t h a t  a l o c a l ,  s h a l l o w  (- 4-km) h e a t  
s o u r c e ,  o r  magma r e s e r v o i r ,  may u n d e r l i e  t h e  a r ea  o f  a n o m a l i e s  
B and  C w a s  r e i n f o r c e d  b y  t h e  f o l l o w i n g  o b s e r v a t i o n s :  

a .  The  mode o f  e r u p t i o n  i n  1 9 5 5  (Macdona ld  a n d  E a t o n ,  
1964)  s u g g e s t s  a\common s o u r c e  l o c a t i o n  f o r  t h e  e r u p t i v e  l a v a s .  
The  i n i t i a l  o u t b r e a k  o c c u r r e d  i n  t h e  v i c i n i t y  o f  a n o m a l y  C ,  
s o u t h w e s t  o f  H o n u a u l a ,  and  t h e  e r u p t i o n  p r o c e e d e d  t o  t h e  n o r t h -  
e a s t  i n  a s e r i e s  o f  e n  e c h e l o n  f i s s u r e s  ( F i g .  1). A f t e r  a 
f i v e - d a y  p a u s e ,  a c t i v i t y  r e sumed  i n  a s o u t h w e s t  d i r e c t i o n  f r o m  
n e a r  K a l i u  p r o d u c i n g  s i m i l a r ,  b u t  o p p o s i t e - s e n s e ,  e n  e c h e l o n  
e r u p t i v e  f i s s u r e s .  The  s o u t h w e s t  e r u p t i v e  s e g m e n t  w a s  o f f s e t  
s i g n i f i c a n t l y  f r o m  t h e  n o r t h e a s t  s e g m e n t .  The  t r a c e  o f  t h e s e  
f i s s u r e s  f o l l o w s  a n  a p p a r e n t  a r e a l  o f f s e t  i n  t h e  r i f t  z o n e ,  
a n d  anomaly  C l i e s  a l o n g  t h i s  o f f s e t  ( F i g .  1). t 
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u b .  1 n f l a t i o n . o f  t h e  l o w e r  e a s t  r i f t  o c c u r r e d  j u s t  p r i o r  
t o  t h e  i n i t i a l  1 9 5 5  o u t b r e a k ,  b u t  t h e r e  w a s  a d e l a y  o f  n e a r l y  
two weeks  i n  s u b s i d e n c e  o f  t h e  summit  o f  K i l a u e a  (Macdona ld  
a n d  E a t o n ,  1 9 6 4 ,  F i g .  3 3 ) .  S u b s i d e n c e  o f  t h e  summ’it u s u a l l y  
p r e c e d e s ,  o r  i s  c o n c u r r e n t  w i t h ,  f l a n k  e r u p t i o n s  o r  i n t r u s i o n s  
a s  m a g m a ’ d r a i n s  f r o m  t h e ,  summit  r e s e r v o i r  c o m p l e x  ( K i n o s h i t a  
e t  a l . ,  1 9 7 4 ) .  T h i s  f a c t ,  t o g e t h e r  w i t h  d e t a i l e d  p e t r o c h e m ’ i c a l  
a n a l y s i s  o f  t h e  1 9 5 5  l a v a s ,  l e d  W r i g h t  a n d  F i s k e  (1971)  t o  s u g -  
g e s t  t h a t  a l o c a l  r e s e r v o i r  w a s  p r e s e n t  w i t h i n  t h e  e a s t  r i f t  
n e a r  t h e  s i t e  o f  e r u p t i o n  b e f o r e  t h e  i n i t i a l  o u t b r e a k .  

c. Anomaly C i s  c o i n c i d e n t  w i t h  t h e  e p i c e n t r a l  d i s t r i b u -  
t i o n  o f  t h r e e  s e p a r a t e  e p i s o d e s  o f  s h a l l o w  e a r t h q u a k e  s w a r m s  
(- 4 km d e e p )  t h a t  were m o n i t o r e d  i n  e a r l y  1 9 7 0  b y  t h e  U.S. 
G e o l o g i c a l  S u r v e y  ( a w - a i i a n  V o l c a n o  O b s e r v a t o r y ,  unpub .  d a t a ,  
1 9 7 0 ) .  E a r t h q u a k e  swarms i n  K i l a u e a  a r e  g e n e r a l l y  t h o u g h t  t o  
b e  r e l a t e d  d i r e c t l y  t o  m a g m a t i c  a c t i v i t y  ( K o y a n a g i  e t  a l . ,  1 9 7 2 ) .  
H i l l  ( 1977)  r e c e n t l y  h a s  p r o p o s e d  a m o d e l  t o  a c c o u n t  f o r  t h e s e  
t y p e s  o f  e a r t h q u a k e  s w a r m s  i n  w h i c h  m a g m a t i c  p r e s s u r e s  a r e  
r e q u i r e d  t o  p r o d u c e  c a s c a d i n g  s h e a r  f a i l u r e s  a l o n g  a s y s t e m  
o f  c o n j u g a t e  f a u l t  p l a n e s  ( s t r i k e - s l i p  m o t i o n ) .  I f  anomaly  C 
i s  r e l a t e d  t o  a t r a n s f o r m  f a u l t ,  i t  c o u l d  h a v e  d e v e l o p e d  b y  
s u c h  s t r e s s - r e l e a s e  p r o c e s s e s . .  

d .  The  o n s e t  o f  s e i smic  a c t i v i t y  t h a t  p r e c e d e d  t h e  1960  
e r u p t i o n  n e a r  Kapoho was l o c a t e d  i n  t h e  a r ea  o f  t h e  i n i t i a l  
o u t b r e a k  o f  t h e  1 9 5 5  e r u p t i o n  ( R i c h t e r  e t  a l . ,  1 9 7 0 ,  p .  E 3 6 - 3 7 ) .  

4. H i g h  t e m p e r a t u r e s  ex’ i s t  i n  some s h a l l o w  w e l l s  a f ew 
k i l o m e t e r s  d o w n s l o p e  f r o m  t h i s  a r ea  ( see  F u r u m o t o ,  1 9 7 6 ,  F i g s .  
9 and  1 0 ) .  The t e m p e r a t u r e  p r o f i l e s  show t h a t  h i g h e r  t e m p e r a -  
t u r e s  a r e  c o n f i n e d  t o  a n a r r o w  z o n e  a t  t h e  s u r f a c e  o f  t h e  
b a s a l  w a t e r  t a b l e ;  b e l o w  s e v e r a l  meters ,  t h e  t e m p e r a t u r e s  
d e c r e a s e .  The  t e m p e r a t u r e  i n v e r s i o n  i n  t h e s e  w e l l s  i m p l i e s  
t h a t  t h e  h o t  w a t e r  must b e  f l o w i n g  l a t e r a l l y  (downs lope)  from 
a h o t t e r  s o u r c e  i n  t h e  v i c i n i t y  o f  a n o m a l i e s  B a n d  C .  

C o l l e c t i v e l y ,  t h e s e  f a c t o r s  o u t w e i g h e d  t h e  f a v o r a b l e  
e v i d e n c e  f o r  d r i l l i n g  i n  o t h e r  a r e a s  i n  P u n a  ( f o r  e x a m p l e ,  
o v e r  a n o m a l y  A) d e s p i t e  t h e  l a c k  o f  c o r r o b a t i v e  s u p p o r t  f r o m  
some o t h e r  g e o p h y s i c a l  d a t a  a v a i l a b l e  a t  t h a t  time ( S k o k a n ,  
1 9 7 4 ;  F u r u m o t o ,  1 9 7 6 ) .  A c c o r d i n g l y ,  a d r i l l - h o l e  s i t e  w a s  i n i -  
t i a l l y  recommended o v e r  anomaly  B ( F i g .  2 ) .  B e c a u s e  o f  l a n d  
o w n e r s h i p  p r o b l e m s ,  h o w e v e r ,  t h e  s i t e  was r e l o c a t e d  a b o u t  4 0 0  
m t o  t h e  n o r t h  b e t w e e n  a n o m a l i e s  B a n d  C ( F i g s .  2 and  5 ) .  T h i s  
new s i t e  w a s  c o n s i d e r e d  t o  b e  a l m o s t  as  f a v o r a b l e  a s  t h e  o r i -  
g i n a l  r e c o m m e n d a t i o n  b e c a u s e  a p o t e n t i a l l y  c o m m e r c i a l  h y d r o -  

a n d  d e e p e r  t h a n  t h a t  e x p r e s s e d  b y  t h e s e  s h a l l o w ,  l i n e a r  SP 
a n o m a l i e s - .  M o r e o v e r ,  t h e  s t e e p e r  p o t e n t i a l  g r a d i e n t  o f  
a n o m a l y  C on i t s  n o r t h e a s t  s i d e  ( F i g .  5) would  i m p l y  t h a t  t h e  

* t h e r m a l  r e s o u r c e  w o u l d  r e q u i r e  a t a r g e t  t h a t  w a s  more  p e r v a s i v e  

ts’ 
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r e l a t e d  f r a c t u r e  z o n e  d i p s  s t e e p l y ,  i f  n o t  v e r t i c a l l y , t o  t h e  iJ 
I s o u t h w e s t .  I f  s o ,  t h e n  a h o l e  p l a c e d  on t h e  d o w n s l o p e  s i d e  + 

I would  more l i k e l y  i n t e r s e c t ,  or come c lose r  t o ,  a f a v o r a b l e  
t a r g e t .  F i n a l l y ,  i f  t h e s e  mapped SP f e a t u r e s  r e f l e c t  l e a k s  
i n  a b r o a d e r  h y d r o t h e r m a l  s y s t e m  a t  d e p t h  (- 2 km), as  s u g -  
g e s t e d  h e r e i n ,  t h e n  t h e  exact  l o c a t i o n  of a n  a n t i c i p a t e d  
2 km-deep d r i l l  h o l e  wou ld  n o t  b e  t o o  c r i t i c a l .  

I n  A p r i l  1976  a h o l e  w a s  d r i l l e d  t o  a d e p t h  of  1 9 6 2  m 
a n d  t e m p e r a t u r e s  o f  a b o u t  3 5 O O C  were e n c o u n t e r e d  t o w a r d  t h e  
h .o l e  b o t t o m .  V a r i o u s  h y d r o t h e r m a l  r e s e r v o i r  t e s t s  a r e  c u r r e n t l y  
unde rway  t o  assess  i t s  p o t e n t i a l  as  a v i a b l e  s o u r c e  f o r  e l e c t r i c  
power  g e n e r a t i o n .  
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