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ABSTRACT 

This paper descr ibes  a l i m i t e d  s e r i e s  o f  
l a b o r a t o r y  r e s i s t i v i t y  measurements on a s e l e c t i o n  
o f  c o r e  samples taken  f rom geothermal f i e l d s  i n  
New Zealand and t h e  P h i l i p p i n e s .  The 
r e s i s t i v i t i e s  o f  these  cores,  s e l e c t e d  t o  i n c l u d e  
a r a n g e  o f  c l a y  c o n t e n t s  and  p o r o s i t i e s ,  were 
measured u s i n g  v a r i o u s  s a t u r a t i n g  f l u i d s  (NaC1 
s o l u t i o n s  w i t h  r e s i s t i v i t i e s  r a n g i n g  f rom 0.3 t o  3 
oh-m) and a t  temperatures between 2OoC and 90°C. 

The temperature behav iour  o f  t h e  measured 
r e s i s t i v i t y  va lues i m p l i e s  t h a t  i o n i c  conduc t ion  
i s  t h e  dominant charge t r a n s p o r t  mechanism 
o c c u r r i n g  under these  c o n d i t i o n s .  M u l t i p l e  l i n e a r  
r e g r e s s i o n  a n a l y s i s  o f  a l l  t h e  d a t a  con f i rms  t h e  
expected dependence o f  t h e  r e s i s t i v i t y  o f  these  
hydro therma l l y  a1 t e r e d  rocks  upon temperature, 
s a t u r a t i n g  f l u i d  r e s i s t i v i t y .  p o r o s i t y  and c l a y  
con ten t .  Th is  dependence can be descr ibed  by a 
v a r i a n t  o f  A r c h i e ' s  r e l a t i o n ,  m o d i f i e d  t o  a l l o w  
f o r  t h e  e f f e c t  o f  t h e  c l a y  m inera l  con ten t  and 
temperature. 

INTRODUCTION 

R e s i s t i v i t y ,  p a r t i c u l a r l y  t h e  DC r e s i s t i v i t y  
method, p l a y s  a key r o l e  i n  e x p l o r a t i o n  f o r  
geothermal resources.  However, i n  o r d e r  t o  
p r o p e r l y  ana lyse  r e s i s t i v i t y  surveys -f r o m  
geothermal areas, i n t e r p r e t e r s  must know what 
r e s i s t i v i t i e s  a r e  a p p r o p r i a t e  f o r  geothermal 
r e s e r v o i r  rocks  under v a r i o u s  c o n d i t i o n s .  
Un fo r tuna te ly ,  compared t o  t h e  v a s t  body o f  
1 i t e r a t u r e  a v a i l a b l e  f o r  o t h e r  l i t h o t y p e s  
( O l h o e f t ,  1981). l i t t l e  pub l i shed  d a t a  i s  
a v a i l a b l e  on t h i s  sub jec t .  

The r e s i s t i v i t i e s  i n  a geothermal envi ronment  a r e  
l i k e l y  t o  be q u i t e  d i f f e r e n t  f rom r o c k s  
encountered i n  o t h e r  e x p l o r a t i o n  s i t u a t i o n s ,  
however, because t h r e e  d i f f e r e n t  conduc t ion  
mechanisms ( i o n i c  t r a n s f e r  th rough  i n t e r s t i t i a l  
water ,  conduc t ion  on t h e  sur face  o f  c l a y s ,  and 
m a t r i x  conduc t ion  th rough  semi- conduct ing 
m i n e r a l s )  may a l l  be impor tan t  i n  geothermal 
r e s e r v o i r s .  Th is  i s  i n  c o n t r a s t  w i th  t h e  rocks  
commonly encountered i n  o i l  r e s e r v o i r s  where a 
ve ry  s imp le  r e l a t i o n s h i p  ( i .e .  A r c h i e ' s  law)  can 
b e  used t o  r e l a t e  p o r o s i t y  and wate r  r e s i s t i v i t y  
t o  rock  r e s i s t i v i t y .  

This  paper descr ibes  a l i m i t e d  s e r i e s  o f  
l a b o r a t o r y  r e s i s t i v i t y  measurements on c o r e  
samp les  t a k e n  f r o m  s e v e r a l  P h i l i p p i n e  and New 
Zealand geothermal f i e l d s .  Because o f  t h e  
i n h e r e n t  v a r i a b i l i t y  o f  rocks  commonly found i n  
geothermal systems and t h e  r e l a t i v e l y  smal l  number 
o f  samples a v a i l a b l e  f o r  ana lys is ,  we have 
analysed our d a t a  t o  determine which u n d e r l y i n g  
charge t r a n s p o r t  mechanisms a re  a c t i v e  r a t h e r  t h a n  
a t t e m p t i n g  t o  develop a p r e d i c t i v e  r e l a t i o n s h i p .  

W h i l e  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  c a n n o t  
r e a d i l y  be e x t r a p o l a t e d  t o  r e s e r v o i r  temperatures, 
we f e e l  t h a t  t h e y  a r e  i m p o r t a n t  b e c a u s e  t h e y  
p r o v i d e  i n s i g h t s  i n t o  t h e  u n d e r l y i n g  p h y s i c a l  
processes t h a t  c o n t r o l  rock r e s i s t i v i t i e s  i n  
g e o t h e r m a l  s i t u a t i o n s  and because  t h e y  may b e  
i m p o r t a n t  i n  d i r e c t i n g  f u t u r e  research. 

CONDUCTION MECHANISMS 

The r e s i s t i v i t y  o f  rocks  i n  t h e  e a r t h  i s  a 
f u n c t i o n  o f  t h e  r e s i s t i v i t y  o f  t h e  rock  m a t r i x  and 
t h e  wate r  h e l d  i n  t h e  pgre  spaces. Pure wa te r  has 
a h i g h  r e s i s t i v i t y  (10 ohm-m), b u t  i f  t h e  water  
c o n t a i n s  d i s s o l v e d  i o g  t h e  r e s i s t i v i t y  decreases 
d r a m a t i c a l l y  ( t o  1 0  ohm-m o r  l e s s ) .  As a 
r e s u l t ,  conduc t ion  through t h e  1 i q u i d  phase tends 
t o  dominate t h e  c o n d u c t i v i t y .  Most o f  t h e  common 
c o n s t i t u e n t s  o f  rocks  a r e  ve ry  h i g h l y  r e s i s t i y g  
( w i t h  r e s i s t i v i t i e s  rang ing  between 10 and 10  
ohm-m); a l though  some c o n s t i t u e n t s  such as 
s u l p h i d e s  a r e  q u i t e  c o n d u c t i v e .  As a r e s u l t ,  
conduc t ion  th rough  t h e  l i q u i d  phase tends t o  
p r o v i d e  most o f  t h e  conduc t ion  o f  t h e  t o t a l  rock 
sample, even though t h e  l i q u i d  phase makes up a 
smal l  p a r t  o f  t h e  t o t a l  volume. 

I n  a d d i t i o n  t o  t h e  e f f e c t  o f  f i n i t e  m a t r i x  
c o n d u c t i v i t y ,  chemical i n t e r a c t i o n  between t h e  
s a t u r a t i n g  wa te r  and t h e  pore  w a l l s  can have an 
impor tan t  e f f e c t  on t h e  wate r  r e s i s t i v i t i e s .  
Sur face conduc t ion  occurs because exchangeable 
i o n s  occur  near  g r a i n  boundaries. Because these  
i o n s  a r e  q u i t e  l o o s e l y  bound, t h e y  can c o n t r i b u t e  
t o  t h e  c o n d u c t i v i t y  o f  t h e  r o c k  i n  a manner 
s i m i l a r  t o  i o n i c  c o n d u c t i v i t y  i n  pore  water .  The 
number o f  exchangeable i o n s  v a r i e s  depending on 
t h e  m i n e r a l s  p r e s e n t ,  b e i n g  g r e a t e s t  i n  c l a y s  
( p a r t i c u l a r l y  smec t i tes )  and z e o l i t e s ,  and n e a r l y  
i n s i g n i f i c a n t  i n  most network s i l i c a t e s .  However, 
because these  c o n s t i t u t e n t s ,  e s p e c i a l l y  c l a y s ,  a re  
q u i t e  common i n  geothermal systems, sur face . 

conduc t ion  can make an impor tan t  c o n t r i b u t i o n  t o  
t h e  c o n d u c t i v i t y  o f  hydro therma l l y  a l t e r e d  rocks. 

I n  t h e  case o f  a r e l a t i v e l y  c l e a n  g r a n u l a r  a q u i f e r  
s a t u r a t e d  with f a i r l y  conduc t i ve  water  
( r e s i s t i v i t i e s  l e s s  than  5 ohm-m) t h e  rock 
r e s i s t i v i t y  i s  found t o  be 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  wa te r  r e s i s t i v i t y .  The p r o p o r t i o n a l i t y  can 
be c a l c u l a t e d  e a s i l y  u s i n g  A r c h i e ' s  (1941) 
equat ion.  

IJ = a /'w 0" swm (1) 
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where P i s  t h e  r o c k  r e s i s t i v i t y ,  0 i s  t h e  
p o r o s i t y ,  Sw i s  t h e  degree o f  water  s a t u r a t i o n ,  

lb i s  t h e  water  r e s i s t i v i t y .  The cons tan ts  a, m, 
and n a r e  e m p i r i c a l l y  der ived.  I f  s u b s t a n t i a l  
amounts o f  conduc t i ve  minera ls  o r  c l a y s  a r e  
present  however, i s  no l o n g e r  p r o p o r t i o n a l  t o  
w because sur face  conduct ion becomes impor tan t  and 
A r c h i e ' s  equat ion w i l l  s u b s t a n t i a l l y  underest imate 
t h e  r o c k  r e s i s t i v i t y .  The e f f e c t  o f  s u r f a c e  
c o n d u c t i o n  due t o  c l a y s  has  been examined by  
several  workers (Juhasz 1979), (Waxman and Smits 
1968). F o l l o w i n g  Waxman and Smits, Oh loe f t  (1981) 
suggested t h a t  A r c h i e ' s  equat ion  can be mod i f ied  
t o  i n c l u d e  t h e  e f f e c t  o f  f i n i t e  m a t r i x  
c o n d u c t i v i t y  as f o l l o w s :  

P =  Pw On Swm ( 1  t KC P w ) - l  (2 )  

where C i s  t h e  p r o p o r t i o n  o f  c l a y  minera ls  and K 
i s  a cons tan t  depending on t h e  c l a y  species 
present .  

Because t h e  c o n d u c t i v i t y  o f  c l a y  m i n e r a l s  v a r i e s  
w i t h  t h e  number o f  exchangeable i o n s  a v a i l a b l e  we 
would expect  K t o  vary w i t h  t h e  c a t i o n  exchange 
c a p a c i t y  be ing  h i g h e s t  i n  c l a y  species w i t h  h i g h  
c a t i o n  exchange c a p a c i t i e s  (such as smect i te )  and 
have a l o w  va lue  i n  c l a y s  w i t h  low c a t i o n  exchange 
c a p a c i t i e s  such as i l l i t e ,  c h l o r i t e  and k a o l i n i t e .  
A l l  o f  t h e  samples  r e p o r t e d  h e r e  c o n t a i n  l o w  
c a t i o n  exchange c a p a c i t y  c l a y s  w i t h  i l l i t e  and 
c h l o r i t e  being t h e  o n l y  s i g n i f i c a n t  c l a y  types  
present .  

I n  a d d i t i o n  t o  i o n i c  conduct ion and sur face  
conduct ion,  m a t r i x  conduction, which a r i s e s  
because o f  the  presence o f  conduct ive m i n e r a l s  
such as s u l f i d e s  may a l s o  be impor tan t  i n  some 
geothermal rocks. I n  t h i s  case, conduct ion occurs 
by the  movement o f  e l e c t r o n s  w i t h i n  t h e  body o f  
mineral  g ra ins .  

I 
1 

1 
I 

1 
I 

1 

TEMPERATURE DEPENDENCE OF RESISTIVITY 

A l l  conduct ion i n  t h e  e a r t h i s  caused by one o f  
t h r e e  mechanisms: m e t a l l i c  conduction, e l e c t r o n i c  
semi-conduction and i o n i c  conduct ion.  Metal1 i c  
conduc t ion  (which i s  very r a r e  i n  t h e  c r u s t ,  be ing  
con f ined  t o  n a t i v e  meta ls  and g r a p h i t e )  i s  
l i n e a r l y  r e l a t e d  t o  temperature, r e s u l t i n g  i n  an 
i n v e r s e  r e l a t i o n s h i p  between r e s i s t i v i t y  and 
temperature. The o t h e r  two mechanisms bo th  have 
exponent ia l  temperature dependence as f o l l o w s :  

IJ = p0 e t / ~ ~  ( 3 )  

Here, E i s  t h e  a c t i v a t i o n  energy f o r  t h e  
conduct ion process, K i s  Boltzemann's cons tan t  and 

1~ 

Because t h e  v a l u e  o f  E i s  d e t e r m i n e d  by t h e  
u n d e r l y i n g  conduct ion mechanism. i t  can be used t o  
determine which o f  t h e  severa1 ,poss ib le  conduct ion 
mechanisms i s  most important .  

i s  t h e  r e s i s t i v i t y  a t  i n f i n i t e  temperature. 

O f  t h e  conduct ion processes which might  be 
impor tan t  i n  hydrothermal systems, m a t r i x  
c o n d u c t i o n  i n  s u l f i d e s  i s  known t o  f o l l o w  t h e  
exponent ia l  temperature dependence very c l o s e l y .  
A c t i v a t i o n -  energies t y p i c a l l y  range f rom 0.5 t o  
l e v  (O lhoe f t  1982). 

The r e s i s t i v i t y  o f  i o n i c  s o l u t i o n s  i s  a f u n c t i o n  
o f  t h e  m o b i l i t y  o f  ions  which i n  t u r n  i s  
p r o p o r t i o n a l  t o  t h e  v i s c o s i t y  o f  w a t e r .  The 
v i s c o s i t y  o f  w a t e r  does n o t  e x a c t l y  f o l l o w  a 
s imp le  exponent ia l  temperature dependence because 
o f  a t h e r m a l l y  a c t i v a t e d  breakdown o f  hydrogen 
bonds bu t ,  as shown i n  Fig.  4, i n  t h e  temperature 
range f rom 2OoC t 90°C t h e  r e s i s t i v i t y  does 
approximately f o l l o w  equat ion  3. The a c t i v a t i o n  
energy f o r  bo th  v i s c o s i t y  and r e s i s t i v i t y  i s  0.16 
eV i n  t h i s  temperature range. 

The temperature dependence o f  c o n d u c t i v i t y  i n  
c l a y s  i s  n o t  w e l l  understood. Drury and Hydam 
(1979) r e p o r t  t h a t  charge t r a n s p o r t  i n  smect i tes  
i s  t h e r m a l l y  a c t i v a t e d  w i t h  a c t i v a t i o n  energ ies  
h i g h e r  than those  f o r  water. They do n o t  p resen t  
q u a n t i t a t i v e  es t imates  o f  t h e  a c t i v a t i o n  energy 
however and i m p l i c a t i o n s  o f  t h e i r  work f o r  t h e  
temperature dependence o f  o t h e r  types o f  c l a y  i s  
n o t  c l e a r .  

EXPERIMENTAL METHOD 

Because we suspected t h a t  rock r e s i s t i v i t y  i s  a 
f u n c t i o n  o f  severa l  v a r i a b l e s  (i.e. degree and 
t y p e  o f  a l t e r a t i o n ,  p o r o s i t y ,  temperature and 
w a t e r  r e s i s t i v i t y )  we s t a r t e d  w i t h  a s u i t e  o f  
samples which had a range o f  p o r o s i t i e s  and c l a y  
con ten ts  (see Table 1). The samples were then  
repeated ly  s a t u r a t e d  w i t h  i n c r e a s i n g l y  s a l i n e  pore 
waters and t h e i r  r e s i s t i v i t i e s  were measured a t  a 
range o f  temperatures f rom room temperature t o  
90°C. The r e s u l t i n g  dataset ,  which inc luded a 
t o t a l  o f  60 measurements was t h u s  f a i r l y  w e l l  
designed f o r  a n a l y s i s  by m u l t i p l e  l i n e a r  
regression.  

R e s i s t i v i t y  measurements were conducted u s i n g  t h e  
f o u r  e lec t rode .  method which i s  descr ibed by Hunt 
e t  a1 1979. I n  t h i s  c o n f i g u r a t i o n  t h e  e l e c t r i c  
c u r r e n t  i s  a p p l i e d  across t h e  ends o f  t h e  sample 
w h i l e  t h e  v o l t a g e  d r o p  i s  measured u s i n g  two 
p a r a l l e l  r i n g  e lec t rodes  l o c a t e d  near t h e  centre.  
Before any measurements a re  made t h e  sample i s  
shaped i n t o  a column w i t h  a r e g u l a r  s e c t i o n a l  area 
approximately 25 mn i n  d iameter  w i t h  p a r a l l e l  ends 
and sa tu ra ted  under a vacuum. The sample was then  
t i g h t l y  j a c k e t e d  w i t h  s h r i n k  t u b i n g  a f t e r  any 
sur face  water  adher ing t o  t h e  sample was removed 
i n  o r d e r  t o  e l i m i n a t e  any l e a k a g e  o f  e l e c t r i c  
c u r r e n t  a r o u n d  t h e  s i d e s  o f  t h e  sample. When 
conduct ing t h e  measurements, metal p l a t e s  a re  used 
f o r  t h e  c u r r e n t  e lec t rodes  and t h e  p o t e n t i a l  
e lec t rodes  a r e  s t a i n l e s s  s t e e l  w i r e  loops  which 
s i t  i n  shal low grooves c u t  i n  t h e  s ides  o f  t h e  
sample. Good c o n t a c t  between these e lec t rodes  and 
t h e  sample i s  ensured by p a i n t i n g  t h e  s ides  o f  t h e  
.g rooves  w i t h  s i l v e r  p a i n t .  The i n p u t  s i g n a l  
d u r i n g  these experiments was a square wave w i t h  a 
p e r i o d  o f  3s i n  o rder  t o  approximate DC 
cond i t ions .  F ig .  1 shows a t y p i c a l  s i g n a l  
recorded across t h e  p o t e n t i a l  e lec t rodes .  

i! 
i= 

Voltage ( 1wn-v) 

Fig 1 TYPICAL VOLTAGE RECORD 
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I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  water  
r e s i s t i v i t y  on t h e  b u l k  r e s i s t i v i t y  o f  t h e  rock ,  
samples were repea ted ly  s a t u r a t e d  u s i n g  
i n c r e a s i n g l y  s a l i n e  NaCl s o l u t i o n s .  Between these  
sequencies . o f  measurements; each c o r e  was a l lowed 
t o  e q u i l i b r a t e  w i t h  a more ,  concen t ra ted  NaCl 
s o l u t i o n  u n t i l  t h e  wa te r  c o n d u c t i v i t y  s t a b i l i s e d .  
Because t h e  s a l i n i t y  i n c r e a s e d  b y  a t  l e a s t  a 
f a c t o r  o f  t h r e e  between repeat  s a t u r a t i o n s ,  t h e  
e f f e c t  o f  r e s i d u a l  i o n s  l e f t  i n  t h e  pore  spaces 
was u s u a l l y  found t o  be min imal .  However, because 
measured c o n d u c t i v i t i e s  were used i n  t h e  a n a l y s i s ,  
r e s i d u a l  i o n s  w i l l  n o t  add a d d i t i o n a l  e r r o r .  A 
sample p l o t  o f  wa te r  r e s i s t i v i t y  vs t i m e  i s  shown 
i n  F ig .  2. 
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The con ten t  o f  v a r i o u s  c l a y  species was determined 
u s i n g  s e m i - q u a n t i t a t i v e  XRD a n a l y s i s  where t h e  
q u a n t i t y  o f  c l a y  i n  a sample i s  determined f rom 
t h e  h e i g h t s  o f  peaks  i n  an x - r a y  d i f f r a c t i o n  
spectrum o f  a random mounted powder sample (see 
B r i n d l e y  and Brown 1980 f o r  a more complete 
d i s c u s s i o n ) .  I n  o r d e r  t o  i n c l u d e  f i r s t  and second 
o r d e r  d i f f r a c t i o n  peaks f rom a l l  t h e  common c l a y  
m inera ls ,  t h e  XRD spectrum was recorded f rom 
4"20 ' .  Samples were  p r e p a r e d  b y  m i x i n g  known 
q u a n t i t i e s  o f  c l a y s  wi th  s i l i c a  powder. Using t h e  
peak areas o f  t h e  standard samples and t h e  known 
c l a y  con ten t ,  i t was p o s s i b l e  t o  determine t h e  
a p p r o p r i a t e  convers ion  f a c t o r s  between peak areas 
and c l a y  con ten t  i n  t h e  sample. Un fo r tuna te ly ,  
t h e  p r i m a r y  XRD peaks  f o r  B i o t i t e  and  I l l i t e  
o v e r l a p ;  however t h i s  problem can be overcome by 
u s i n g  t h e  second  o r d e r  peaks  t o  e s t i m a t e  t h e  
c o n t e n t  o f  t h e s e  m i n e r a l s .  X- ray  d i f f r a c t i o n  
s t u d i e s  a r e  a t  bes t  o n l y  s e m i- q u a n t i t a t i v e  wi th  a 
p r e c i s i o n  o f  ~ 2 5 %  o f  t h e  es t imated  ' c l a y  
percentages. I n  o r d e r  t o  guard a g a i n s t  
s i g n i f i c a n t  e r r o r s ,  a l l  es t imates  o f  c l a y  
percentages were checked o p t i c a l l y  u s i n g  t h i n  
s e c t i o n s  and a p e t r o g r a p h i c  microscope. 

Along w i t h  t h e  c l a y  con ten t  and e l e c t r i c a l  
r e s i s t i v i t y ,  we a l s o  measured t h e  d e n s i t y  and  
p o r o s i t y  o f  t h e  samples. The d e n s i t i e s  and 
p o r o s i t i e s  were determined by s a t u r a t i n g  each 
specimen under a vacuum u n t i l  t h e  sample weight  
s t a b i l i s e d .  The d e n s i t i e s  were then  c a l c u l a t e d  
f r o m  t h e  d i f f e r e n c e  be tween t h e  s a t u r a t e d  and  
immersed weight  and t h e  p o r o s i t y  was c a l c u l a t e d  
f rom t h e  d i f f e r e n c e  between t h e  d r y  and s a t u r a t e d  
weight .  D e n s i t i e s  t h u s  determined were accura te  
t o  about 5% and p o r o s i t i e s  t o  2 10%. 

RESULTS 

Exper imenta l  r e s u l t s  i l l u s t r a t i n g  t h e  e f f e c t  o f  
c l a y  con ten t ,  p o r o s i t y  and wate r  r e s i s t i v i t y  a r e  

shown i n  F i g u r e  3. Note t h a t  wa te r  r e s i s t i v i t i e s  
appear t o  be r e l a t e d  t o  t h e  rock  r e s i s t i v i t i e s  b y  
power law r e l a t i o n s  as t h e  l o g- l o g  p l o t  shown i n  
F i g .  3 i s  a p p r o x i m a t e l y  l i n e a r  above  a c u t o f f  
va lue.  Clay con ten t  and p o r o s i t y  a l s o  appears t o  
have an e f f e c t  on rock  r e s i s t i v i t i e s  however i t  i s  
d i f f i c u l t  t o  separate t h e  e f f e c t s  o f  c l a y  con ten t  
and p o r o s i t y  w i t h o u t  t h e  use o f  m u l t i p l e  l i n e a r  
regression, which i s  discussed i n  a l a t e r  section. 
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I 1 I 

10 20 30 
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I I J 
lo0 l o t  102 103 
Fluid resistivity in Ohm-m 

3. Bulk rock r e s i s t i v i t y  p l o t t e d  vs water  
r e s i s t i v i t y  and c l a y  con ten t .  

The e f f e c t  o f  temperature on rock  r e s i s t i v i t i e s  i s  
i l l u s t r a t e d  i n  F ig .  4. Note t h a t  an exponen t ia l  
dependence o f  temperature on r e s i s t i v i t y ,  as 
s u g g e s t e d  above,  h o l d s  f o r  a w i d e  v a r i e t y  o f  
geothermal rocks. This  appears t o  be t r u e  
i r r e s p e c t i v e  o f  t h e  degree o f  a l t e r a t i o n ,  s a l i n i t y  
o f  t h e  s a t u r a t i n g  water  o r  p o r o s i t y  o f  t h e  sample. 
Whi le  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  segments, 
which a r e  p r o p o r t i o n a l  t o  t h e  a c t i v a t i o n  energy 
show some v a r i a b i l i t y ,  t h e  m a j o r i t y  o f  samples 
have a c t i v a t i o n  energ ies  near  0.14 eV. I n  f a c t ,  
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a l l  o f  t h e  samples measured have a c t i v a t i o n  
energ ies  between 0.08 ev and 0.20 ev. i .e. w i t h i n  
50% o f  t h e  va lue  a p p r o p r i a t e  f o r  i o n i c  conduc t ion  
i n  water. Th is  o b s e r v a t i o n  i s  impor tan t  as i t  
suggests t h a t  i o n i c  conduc t ion  i s  t h e  dominant 
charge t r a n s p o r t  mechanism i n  geothermal rocks  
whether t h e  c o n d u c t i v i t y  i s  due t o  a h i g h  
c o n c e n t r a t i o n  o f  c l a y  m i n e r a l s  o r  t h e  presence o f  
a h i g h l y  m i n e r a l i s e d  pore water. 

5 

16' 
32 34 36 38 40 

l/kT in (ev i l  x 1000 

Br / i i  Silicified Rhyolite 
(porosity 16%) 

0 Ohaaki Geothermal Field 

K5 Slightly Altered Rhyolite 
(porosity 33%) 0 Kawerau Geolhermal Field 

Br/9 Altered Rhwlite; Main alteration minerals: 
0 ( porosity 23%) Montmorillonite/ Illite 

Oh14 Altered Ignimbrite: Main altemtion minerals: 
0 (porosity 58%) Kaolinite /Alunite 

lm/3 Highly altered Andesite saturated with 
various saline waters 

t. (porosity 3.1%) 

Ohl l  Silicified Ignimbrite 
(porosity 8 .5 .X )  

A Ohakuri Fossil Geothermal Field 

0 Data for 3% NaCl solutim 
after Ucok 1979 

4. Bu lk  rock r e s i s t i v i t y  p l o t t e d  vs tecrperature. 

DISCUSSION 

A q u a l i t a t i v e  l o o k  a t  t h e  data shows t h a t  t h e  rock 
r e s i s t i v i t y  i s  a f u n c t i o n  o f  a t  l e a s t  f o u r  
v a r i a b l e s ,  i .e. temperature.  c l a y  content ,  wa te r  
r e s i s t i v i t y  and p o r o s i t y .  For  t h i s  reason we use 
m u l t i p l e  l i n e a r  r e g r e s s i o n  as a techn ique  t o  
analyse t h e  r e s i s t i v i t y  data.  

Regression a n a l y s i s  r e q u i r e s  a s imple.  p r e f e r a b l y  
l i n e a r i s a b l e  e q u a t i o n  r e l a t i n g  t h e  dependent and 
independent v a r i a b l e s  t o  a c t  as t h e  r e g r e s s i o n  
mode l .  F o r  t h e  r e g r e s s i o n  model  we used t h e  
f o l l o w i n g  e q u a t i o n  

Where /J i s  t h e  rock r e s i s t i v i t y ,  I J w  i s  t h e  wa te r  
r e s i s t i v i t y ,  C i s  c l a y  con ten t ,  (1, i s  p o r o s i t y ,  T 
i s  temperature and a. m. n, E and b a r e  e m p i r i c a l  
cons tan ts  whose va lues  a r e  t o  be determined by t h e  
r e g r e s s i o n  process. Note t h a t  equa t ion  4 
i n c o r p o r a t e s  b o t h  t h e  exponen t ia l  temperature 
dependence and power law p o r o s i t y  dependence noted 
e a r l i e r .  An exponen t ia l  r e l a t i o n s h i p  between . 
r e s i s t i v i t y  and c l a y  c o n t e n t  has  been  assumed 
l a r g e l y  f o r  c o n v e n i e n c e  as. i n  t h i s  fo rm,  t h e  
equa t ion  i s  r e a d i l y  l i n e a r i s a b l e  by t a k i n g  t h e  l o g  
o f  b o t h  s i d e s .  N o t e  t h a t ,  w h i l e  t h e  assumed 
exponen t ia l  dependence on C i s  q u i t e  d i f f e r e n t  
f r o m  t h e  Waxman and S m i t s  model  (eq  2 )  b o t h  
f a c t o r s  have t h e  same assymtopic behaviour  i n  t h a t  
b o t h  f a c t o r s  approach zero as C approaches 100% i f  
t h e  e m p i r i c a l  cons tan t  b has a n e g a t i v e  value.  and 
b o t h  approach u n i t y  as C approaches zero. 

TABLE 1: VALUES OF EMPIRICAL CONSTANTS GIVEN BY 
REGRESSION 

(MUL T I -L I NEAR ) 

a 
m 
n 
b 
E 

2 = 
= -0.9 0.2 
= -0.8 2 0.2 
= -11 2 
= -0.14 0.06 

(1.4 + 0.2) x 10 

U n c e r t a i n t i t i e s  c a l c u l a t e d  t o  t h e  95% 
con f idence  l e v e l .  

TABLE 2: GENERAL LINEAR TEST RESULTS 

V a r i a b l e  F Test Value 

Clay Content C 123 
Water R e s i s t i v i t y  87 
P o r o s i t y  69 
Temperature T T  19 

(Minimum s i g n i f i c a n t  va lue  o f  F t e s t  a t  95% 
con f idence  l e v e l  i s  1.6) 

The s t a t i s t i c a l  s i g n i f i c a n c e  o f  v a r i a b l e s  i n  a 
r e g r e s s i o n  model can be t e s t e d  u s i n g  t h e  general  
l i n e a r  t e s t  s t a t i s t i c .  In  t h i s  t e s t ,  v a r i a b l e s  
a r e  removed f rom t h e  model one a t  a t ime.  and t h e  
s i g n i f i c a n c e  o f  t h e  v a r i a b l e  i s  es t imated  by t h e  
i n c r e a s e  i n  t h e  t o t a l  square e r r o r  o f  t h e  p o i n t s  
about t h e  model. Resu l t s  o f  t h e  general  l i n e a r  
t e s t  a r e  summarised i n  Table 2. Note t h a t  a l l  o f  
t h e  v a r i a b l e s  i n  t h e  model a r e  s i g n i f i c a n t  a t  t h e  
95% l e v e l  o f  conf idence.  

As shown i n  F i g u r e  5, m u l t i p l e  l i n e a r  regression.  
u s i n g  e q u a t i o n  4 as a s t a t i s t i c a l  model, does an 
e x c e l l e n t  j o b  o f  f i t t i n g  t h e  data.  Values o f  t h e  
e m p i r i c a l  cons tan ts  i n  eq 4 r e s u l t i n g  f rom t h e  
m u l t i p l e  r e g r e s s i o n  process a r e  l i s t e d  . i n  Table 1. 
Note t h a t  m, t h e  exponent f o r  wa te r  r e s i s t i v i t y  
does.  n o t  d i f f e r  f r o m  1 a t  t h e  90% l e v e l  o f  
c o n f i d e n c e .  T h i s  r e s u l t  i s  n o t  u n e x p e c t e d  a s  
A r c h i e ' s  law r e l a t i o n s h i p s  f o r  sedimentary rocks  
u s u a l l y  assume t h a t  p and pw a r e  d i r e c t l y  
p r o p o r t i o n a l  ( A r c h i e  1942). The exponent o f  
p o r o s i t y  has a v a l u e  o f  -0.8. i n  c o n t r a s t  t o  
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values o f  about -2 which a r e  commonly observed i n  
A r c h i e ' s  law r e l a t i o n s h i p s  f o r  sandstone. This  
d i f f e r e n c e  i s  n o t  r e l a t e d  t o  t h e  c l a y  v a r i a b l e  as 
t h e  exponent remains l a r g e l y  u n a f f e c t e d  i f  c l a y  i s  
removed f r o m  t h e  mode l .  I t  may p o s s i b l y  be 
exp la ined  by d i f f e r e n t  p o r e  geometr ies i n  t h e  two 
samples. The cons tan t  a which u s u a l l y  i s  equal t o  
u n i t y ,  takes  a v a l u e  o f  140 20 i n  o u r  r e g r e s s i o n  
model. This  d f fe rence ,  which a t  f i r s t  may seem 
s u r p r i s i n g ,  can be e x p l a i n e d  by t h e  presence o f  an 
e x p o n e n t i a l  c l a y  t e r m  i n  e q u a t i o n  4. I f  t h i s  
f a c t o r  (which has a ma jo r  e f f e c t  on t h e  c a l c u l a t e d  
r e s i s t i v i t e s )  i s  removed f rom t h e  regress ion  
model, val.ues o f  a decrease by a f a c t o r  o f  f i v e  
( t o  a va lue  o f  29 2 11). 

@ E lo2 t 
V I 

COsEWETJ RESISTIVITY 

5. S c a t t e r  d iagram i l l u s t r a t e s  t h e  f i t  o f  t h e  

CONCLUSIONS 

Impor tan t  conc lus ions  f rom t h i s  s tudy are: 

r e g r e s s i o n  model. 

1. 

2. 

3 .  

4. 

The r e s i s t i v i t i e s  o f  t h e  rock  samples a re  a 
f u n c t i o n  o f  temperature, p o r o s i t y ,  c l a y  
con ten t  and water  r e s i s t i v i t y .  Clay type,  
ano ther  p o t e n t i a l l y  impor tan t  v a r i a b l e  was 
n o t  s t u d i e d  because a l l  o f  t h e  samples 
con ta ined  i l l i t e  as t h e  predominant c l a y  
spec ies .  Because o t h e r  c l a y  species such as 
m o n t m o r i l l i n i t e  have h i g h e r  c a t i o n  exchange 
c a p a c i t i e s ,  we w o u l d  e x p e c t  t h e  e f f e c t  o f  
c l a y  con ten t  t o  be even more pronounced when 
they  a r e  p resen t .  

P o r o s i t y  and wate r  r e s i s t i v i t y  a re  r e l a t e d  t o  
t h e  r o c k  r e s i s t i v i t y  by  s i m p l e  power l a w  
r e l a t i o n s h i p s  which suggests t h a t  an equa t ion  
s i m i l a r  t o  A r c h i e ' s  l a w  may b e  v a l i d  f o r  
geothermal rocks. 

The temperature dependence o f  r e s i s t i v i t y  
f o l l o w s  Ar rhen ius  equa t ion  w i t h  an a c t i v a t i o n  
energy o f  about  0.14 mV, a va lue which 
suggests t h a t  i o n i c  conduc t ion  i s  t h e  
dominant charge t r a n s p o r t  mechanism. Th is  
c o n c l u s i o n  a p p e a r s  t o  h o l d  b o t h  when t h e  
c o n d u c t i o n  i s  due  t o  a s a l i n e  s a t u r a t i n g  
f l u i d  and when c o n d u c t i o n  i s  due  t o  t h e  
presence o f  c l a y  m inera ls .  

A general  i s e d  v e r s i o n  o f  A r c h i e ' s  equa t ion  
does an adequate j o b  o f  f i t t i n g  our  
a d m i t t e d l y  l i m i t e d  d a t a  s e t .  This  equa t ion  
which has been extended t o  i n c l u d e  
temperature and c l a y  con ten t  as v a r i a b l e s ,  
has  a f o r m  q u i t e  s i m i l a r  t o  v e r s i o n s  o f  
A r c h i e ' s  equa t ion  f rom sedimentary rock  
sequences, however t h e  e m p i r i c a l  cons tan ts  
are q u i t e  d i f f e r e n t ,  sugges t ing  t h a t  t h e  
s imp le  e x t r a p o l a t i o n  o f  normal A r c h i e ' s  law 
r e l a t i o n s h i p s  f rom sedimentary t o  geothermal 
environments i s  unwise. A l l  o f  t h e  v a r i a b l e s  

CALDWELL et 1. 
i n c l u d e d  i n  the  extended A r c h i e ' s  l a w  a r e  
s t a t i s t i c a l l y  s i g n i f i c a n t ,  so e x p l o r a t i o n i s t s  
must cons ider  t h e  e f f e c t  o f  c l a y  m i n e r a l s  and 
temperatures as w e l l  as p o r o s i t y  and wate r  
r e s i s t i v i t y  when i n t e r p r e t i n g  r e s i s t i v i t y  
da ta  f rom geothermal areas. 
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