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ABSTRACT 

S e l f - p o t e n t i a l  (SP) su rveys  were c a r r i e d  
o u t  on a number o f  geothermal a r e a s  i n  Japan 
du r ing  t h e  l a s t  decade. I n  most c a s e s  SP 
anomalies  o f  p o s i t i v e  p o l a r i t y  a r e  found t o  
o v e r l i e  high temperature  upflow zones. 
Streaming p o t e n t i a l  gene ra t ed  by hydrothermal 
c i r c u l a t i o n  ( I s h i d o ,  1981) is cons ide red  t o  be 
t h e  most l i k e l y  cause of t h e  observed p o s i t i v e  
anomalies. Repeated surveys conducted on t h e  
Nigorikawa c a l d e r a  i n  Japan d e t e c t e d  a change 
i n  SP induced by product ion of geothermal f l u i d s .  
The observed change i s  d i p o l a r  i n  waveform and 
can a l s o  be a t t r i b u t e d  t o  an e l e c t r o k i n e t i c  
mechanism. 

INTRODUCTION 

S e l f - p o t e n t i a l  (SP) anomalies  o f  widely 
v a r i n g  ampli tude,  p o l a r i t y ,  and s p a t i a l  e x t e n t  
have been r e p o r t e d  from s e v e r a l  geothermal 
a r e a s  (Zohdy e t  a l . ,  1973; Zablocki ,  1976; 
Anderson and Johnson, 1976; Corwin and Hoover, 
1979) .  The va r ious  mechanisms involved i n  
producing t h e s e  s u r f a c e  p o t e n t i a l s  have n o t  
been p o s i t i v e l y  i d e n t i f i e d ;  however, an e l e c -  
t r o k i n e t i c  p rocess  r e l a t e d  t o  t h e  upward move- 
ment o f  pore f l u i d s  i s  b e l i e v e d  t o  have caused 
t h e  anomalies  o f  p o s i t i v e  p o l a r i t y  observed i n  
Hawaii (Zablocki ,  1976) .  Yellowstone (Zohdy e t  
a l . ,  1973) .  and Long Va l l ey  (Anderson and 
Johnson, 1976) .  

Q u a n t i t a t i v e  modeling o f  t h e  p o t e n t i a l  
g e n e r a t i n g  mechanism f o r  hydrothermal c i r c u l a -  
t i o n  was done by I s h i d o  (1981) .  H i s  modeling 
is based on r e a l i s t i c  va lues  o f  t h e  e l ec -  
t r o k i n e t i c  coup l ing  c o e f f i c i e n t s  f o r  c r u s t a l  
rock-water systems e s t ima ted  from expe r i -  
mental  r e s u l t s  ( I s h i d o  and Mizutani ,  1981; 
I s h i d o  e t  al. ,  1983) .  I n  t h i s  pape r ,  t h e  
modeling p resen ted  by I s h i d o  (1981) w i l l  be  
exp la ined  b r i e f l y ,  and some examples from 
r e c e n t  s e l f - p o t e n t i a l  surveys done i n  Japan 
w i l l  be given.  Following t h e  d i s c u s s i o n  o f  t h e  
SP anomalies under n a t u r a l  s t a t e  c o n d i t i o n s ,  a 
change i n  SP induced by product ion of geothermal 
f l u i d s  w i l l  be descr ibed.  

STREAMING POTENTIAL ASSOCIATED WITH HYDROTHERMAL 
CIRCULATION 

The flow of a f l u i d  through a porous medium 
may g e n e r a t e  an e l e c t r i c  p o t e n t i a l  g r a d i e n t  
( c a l l e d  t h e  e l e c t r o k i n e t i c  o r  s t reaming poten- 
t i a l ]  a long  t h e  flow p a t h  by t h e  i n t e r a c t i o n  o f  
t h e  m w i n g  pore  f l u i d  wi th  t h e  e l e c t r i c a l  double  
l a y e r  a t  t h e  pore s u r f a c e ,  a p rocess  known as 
e l e c t r o k i n e t i c  coupl ing.  The phenomenological 
equa t ions  d e s c r i b i n g  e l e c t r o k i n e t i c  coupl ing i n  
a porous medium a r e  given by I s h i d o  and 
Mizutani (1981) on t h e  b a s i s  of t h e  c a p i l l a r y  
model: 

+ 
r = -nt-2u-v$ + nt -2(E5/v)  (VP - Pd) (1) 

J = Vz-2(EC/U)V@ - ( k h )  (VP - P;) 
+ 

(2)  
+ + 

where I is khe e l e c t r i c  c u r r e n t  d e n s i t y ,  J i s  
t h e  f l u i d  volume f low flux; @ i s  t h e  e l e c t r i c  
p o t e n t i a l ,  P i s  t h e  pore p r e s s u r e ;  5 i s  t h e  
a c c e l e r a t i o n  o f  g r a v i t y ; p ,  E ,  and ?J a r e  t h e  
d e n s i t y ,  d i e l e c t r i c  c o n s t a n t ,  and v i s c o s i t y  o f  
t h e  pore f l u i d ,  r e s p e c t i v e l y ;  r l ,  t ,  and k a r e  
t h e  p o r o s i t y ,  t o r t u o s i t y ,  and p e r m e a b i l i t y  of 
t h e  porous medium, r e s p e c t i v e l y ;  U = Uf + m-’Us 
( O f ,  pore  f l u i d  e l e c t r i c a l  c o n d u c t i v i t y ;  Us, 
s u r f a c e  e l e c t r i c a l  c o n d u c t i v i t y ;  and m,  h y d r a u l i c  
r a d i u s ) ;  and C i s  t h e  z e t a  p o t e n t i a l ,  t h e  
p o t e n t i a l  a c r o s s  t h e  e l e c t r i c a l  double l a y e r .  

hand s i d e  of ( 2 )  ( t h i s  term can be neg lec t ed  
safely for geo log ic  m a t e r i a l s )  and s u b s t i t u t i n g  
( 2 )  i n t o  (1) y i e l d s :  

Neg lec t ing  t h e  first t e r m  i n  t h e  r i g h t -  

-+ + 
I = -nt-2U{V$ + C(?J /k)J )  (3 )  

where C (= E c / a )  is c a l l e d  t h e  s t reaming 
p o t e n t i a l  c o e f f i c i e n t .  If C i s  nega t ive  
( p o s i t i v e ) ,  t h e  p o s i t i v e  (nega t ive)  charge is 
c a r r i e d  by t h e  f l q d  flow 3. 
c u r r e n t  sou rces ,  V I  = 0; and f o r  homogeneous 
r e g i o n s ,  by u s i n g  ( 3 )  : 

I n  t h e  absence of 

(4 )  
+ v2$ = -C(U/k)vJ 

Consider ing the rma l ly  d r i v e n  convect ion i n  
s ingle-phase ( l i q u i d )  systems,  vs = 0 (Boussinesq 
approx ima t ion ) ,  we g e t ,  

V2$ = 0 (5) 
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Sources f o r  0 t h e r e f o r e  can on ly  occur  a t  bound- 
a r i e s .  Con t inu i ty  of normal c u r r e n t  f low 
r e q u i r e s  

+ + 
2-11 = 6-12 

where 2 i s  t h e  u n i t  v e c t o r  normal t o  t h e  bound- 
ary.  

When a hydrothermal convec t ion  cell i s  
conf ined  t o  depth  and no f l u i d  f low i n t e r s e c t s  
t he  s u r f a c e ,  no s u r f a c e  e l e c t r i c  p o t e n t i a l  
anomaly w i l l . a p p e a r  f o r  a uniform h a l f  space,  
s i n c e  t h e  s o l u t i o n  of (5) without  any sources  
f o r  0 must be zero  throughout  t h e  h a l f  space.  
Th i s  is  n o t  t h e  case ,  however, f o r  inhomogeneous 
media (where t h e r e  a r e  boundar ies  between 
r eg ions  of d i f f e r i n g  p h y s i c a l  p r o p e r t i e s  such 
a s  C) s i n c e  e l e c t r i c  charge can be accumulated 
by f l u i d  flow a t  t h e  boundar ies .  

t he  e a r t h  i s  expected t o  be inhomogeneous r a t h e r  
than  homogeneous. F igure  1 shows t h a t  C f o r  t he  
c r u s t a l  rock-water system i s  ve ry  s e n s i t i v e  t o  
the  chemical composition of t h e  pore  water  and t o  
t h e  tempera ture  of t h e  system ( I s h i d o  e t  al. ,  
1983) .  (The p o l a r i t y  o f  C ' s  shown i n  figure 1 
is nega t ive  except  f o r  t hose  shown by broken 
l i n e s . )  This  imp l i e s  t h a t  C i s  inhomogeneous I n  
a hydrothermal convec t ion  c e l l ,  i n  which t h e r e  
is a l a r g e  temperature  change. 

The s t reaming p o t e n t i a l  c o e f f i c i e n t  C i n  

0.1 I I I 
0 100 zoo 

Temoaraiure , 'C 

Fig. 1 The magnitudes of s t reaming p o t e n t i a l  
c o e f f i c i e n t s  of c r u s t a l  rock-water systems 

By us ing  t h e  va lues  of C e s t ima ted  from 
t h e  experiments ( I sh ido  and Mizutani,  1981; 
I s h i d o  e t  a l . ,  19831, I s h i d o  (1981) d i d  quan t i -  
t a t i v e  modeling of e l e c t r i c  p o t e n t i a l s  gene ra t ed  
by hydrothermal c i r c u l a t i o n  through a e l e c t r o k i n -  
e t i c  coupling. Equation (5)  w a s  so lved  numeri- 
c a l l y  wi th  boundary cond i t ion  ( 6 ) .  In  one of t h e  
models (Figure 2 ) ,  a h a l f  space below t h e  su r face  
was d iv ided  i n t o  two regions:  t h e  f i r s t  charac- 
t e r i z e d  by temperature above 15OOC and t h e  o t h e r  
c h a r a c t e r i z e d  by lower tempera tures .  Phys ica l  
p r o p e r t i e s  of t h e  h ighe r  and lower tempera ture  
r eg ions  a r e  assumed t o  be those  a t  200' and 100°C, 
r e s p e c t i v e l y .  - Consider ing  t h e  c r u s t a l  rock- 
water system, t h e  water chemis t ry  of which is: 
pH = 7, 0.02 mol/l  N a C l ,  lo-' mol/ l  A 1 3 + ,  
I s h i d o  (1981) e s t ima ted  t h e  v a l u e s  of C as -35 
and 0 mV/bar f o r  t h e  h ighe r  and lower tempera- 
t u r e  r eg ions  r e s p e c t i v e l y  ( s e e  a l s o  I sh ido  and 
Mizutani,  1981) .  A s  shown i n  f i g u r e  2,  
p o s i t i v e  e l e c t r i c  p o t e n t i a l  appea r s  around t h e  
p o r t i o n  of t h e  higher- lower tempera ture  
boundary 
flow from t h e  h ighe r  tempera ture  r eg ion .  

i n t e r s e c t e d  by t h e  outward f l u i d  

SURFACE 
100- POTENTIAL, mV 

krr 
A 

F -100 

Fig.  2 The lower diagram shows t h e  e l e c t r i c  
p o t e n t i a l  d i s t r i b u t i o n  ( s o l i d  l i n e s ,  i n  
mV) genera ted  by hydrothermal c i r c u l a -  

a s  a func t ion  of tempera ture  i n  i o + ,  t i o n  (stream l i n e s  a r e  shown by broken 
2x10-' and lo-' mol/l  NaCl e l e c t r o l v t e s  l i n e s ) .  
( l i q u i d  phase)  with and wi thout  lo-' and d iv ided  i n t o  two r eg ions  by 150 OC 

mol/l A13+. Also shown i s  t h e  va lue  of C i so therm.  The upper diagram shows t h e  
ob ta ined  i n  t h e  Takinoue geothermal f i e l d  SP d i s t r i b u t i o n  on t h e  e a r t h ' s  s u r f a c e .  
(TAKI). ( A f t e r  I s h i d o  e t  al. ,  1983.) ( a f t e r  I s h i d o ,  1981) 

The whole reg ion  is  2x2 Km2 
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The accumulation of  p o s i t i v e  charge a t  t h i s  por- 
t i o n  of  t he  boundary is caused by f l u i d  f low 
c a r r y i n g  p o s i t i v e  charge ( C  < 0) and no charge 
(C = 0) i n  t h e  h igher  and t h e  lower temperature  
reg ions ,  r e s p e c t i v e l y .  

I s h i d o  (1981) has  shown.that  an obse rvab le  
s e l f - p o t e n t i a l  anomaly, 10-100 mV i n  magnitude, 
can appear  on t h e  s u r f a c e ,  i f  t h e  fo l lowing  
c o n d i t i o n s  are s a t i s f i e d :  (1) t h e  c i r c u l a t i n g  
f l u i d  is an aqueous s o l u t i o n  o f  n e u t r a l  p H ( 5  4)  
and moderate c o n c e n t r a t i o n  of d i s s o l v e d  s a l t  
( 5  0.1 m o l / l ) ,  and (2)  t h e  f l u i d  f low r a t e  
ranges  from IO-' t o  lo-' m/s.  me p o l a r i t y  o f  the 
anomaly ove r  a  ho t  zone is always p o s i t i v e  
whether o r  n o t  t h e  f l u i d  flow (wi th  nonzero C) 
i n t e r s e c t s  t h e  s u r f a c e ;  t h i s  i s  mainly because 
C is negat ive  (5 < 0) and l a r g e r  i n  magnitude 
under high temperature  condi t ions .  

RESULTS OF RECENT SP SURVMS I N  JAPAN 

S e l f - p o t e n t i a l  (SP) surveys  were conducted 
on f i v e  geothennal  a r e a s  by t h e  Geological  S w e y  
of Japan (GSJ) and on two a r e a s  by t h e  New Energy 
Development Organizat ion (NEDO) dur ing  t h e  l a s t  37'2I 
decade i n  Japan. Each survey covers  an a r e a  of 
50-100 Km2 wi th  survey l i n e s  of abou t  100 Km i n  
t o t a l  l e n g t h .  SP anomalies  of  v a r i o u s  t y p e s  
have been recorded through t h e s e  surveys,  and ob- 
v ious  anomalies of  p o s i t i v e  p o l a r i t y  are found i n  
f i v e  d i f f e r e n t  a r e a s :  
c a l d e r a s ,  and the  Sengan, Okuaizu and Hohi 
geothermal a r e a s .  I n  most c a s e s ,  t h e  c o r r e l a t i o n  
between t h e  anomaly of  p o s i t i v e  p o l a r i t y  and t h e  
high temperature  upflow zone i s  evident .  T m  
examples are desc r ibed  here .  

Okuaizu geothermal f i e l d  

Fukushima p r e f e c t u r e  on t h e  Japanese i s l a n d  of 
Honshu. In  t h e  a r e a  of  about  70 Ian2, NEW has 
completed g e o l o g i c a l ,  geochemical,  and geo- 
p h y s i c a l  e x p l o r a t i o n s  inc luding  an SP survey,  
and has  d r i l l e d  7 1000-1500 m depth w e l l s  and 
6 -400 m depth h e a t  h o l e s  dur ing  1982-1984. 
Following NEDO's survey,  Okuaizu Geothermal Co., 
L t d .  (OAG) conducted an explora tory  w e l l  d r i l l i n g  
program i n  t h e  a rea .  

t h e  Kussharo and Nigorikawa 

The Okuaizu geothermal f i e l d  i s  l o c a t e d  i n  

The a r e a  of i n v e s t i g a t i o n  has  a mean e lev-  
a t i o n  of approximately 300-500 m above s e a  l e v e l  
and i s  dominated by 729 m M t .  Yuno (Yuno-take). 
The temperature  d i s t r i b u t i o n  a t  -500 m ASL ( t h a t  
is, 500 m below s e a  l e v e l )  i s  shown i n  f i g u r e  3. 
The high temperature  zone i s  l o c a t e d  around w e l l s  
OA-4 and 6 .  (The h i g h e s t  temperature  observed is 
286OC a t  -1120 m ASL i n  OA-6.) W e l l  OA-4 w a s  d i s -  
charged f o r  a  month in 1984 and p r e s s u r e  t r a n s i e n t  
t e s t s  were c a r r i e d  o u t  ( I s h i d o ,  1985).  

Also shown i n  f i g u r e  3 is t h e  result of 
t h e  SP survey;  t h e  p o s i t i v e  anomaly of  about  
100 mV o v e r l i e s  t h e  shaded a r e a  shown i n  f i g u r e  
3. I t  should be n o t i c e d  t h a t  t h e  no r the rn  p a r t  
of t h e  area o f  p o s i t i v e  anomaly c o i n c i d e s  w e l l  
with t h a t  of  high temperature  and of  h igh  
p r o d u c t i v i t y  w e l l s  d r i l l e d  by OAG ( l o c a t i o n  of 
O A G ' s  w e l l s  i s  n o t  shown i n  f i g u r e  3 ) .  

0 

0 

/ 
I30-C 

0 

- 
a 

I 
I 39- 4a 

Mt SARUKURA - 
0 2 km 

y Hot Spring 

0 IO00 - I500rn Depth We0 

Heat Hole 

Fig.  3 Geothermal f e a t u r e s  and l o c a t i o n  of 
w e l l s  i n  t h e  Okuaizu f i e l d .  SP anomaly 
of  p o s i t i v e  p o l a r i t y  (-100 mV) o v e r l i e s  
t h e  shaded a r e a .  

M t .  Yake Volcano a r e a  

M t .  Yake (Yake-yama), l o c a t e d  i n  t h e  
Sengan geothermal a r e a ,  no r the rn  Honshu, i s  an 
a c t i v e  volcano and has  many thermal  man i fe s t a -  
t i o n s  such as fumaroles ,  h o t  s p r i n g s  and 
a l t e r a t i o n  zones.  Under a  j o i n t  program, GSJ 
and/or NEDO have been conduct ing g e o l o g i c a l ,  
geochemical,  and geophysical  surveys and w e l l  
d r i l l i n g  i n  the Sengan geothermal a rea .  SP 
surveys i n  t h e  M t .  Yake a r e a  have been c a r r i e d  
o u t  by G S J  s i n c e  1979. Explora t ion  e f f o r t s  
were a l s o  undertaken by a  p r i v a t e  developer  
i n  t h e  area; Mi t sub i sh i  Metal Corporat ion (MMC) 
h a s  been runn ing  a  1 0  MW geothermal power p l a n t  
a t  Ohnuma s i n c e  1974 and conduct ing an explora-  
t o r y  w e l l  d r i l l i n g  program i n  t h e  Sumikawa 
f i e l d  s i n c e  1981. 

4  are most ly  a n d e s i t i c  l a v a s  from M t .  Yake, 
1366 m . i n  e l e v a t i o n .  The e l e v a t i o n s  of  t he  
fumaro1es:and hot  s p r i n g s  shown i n  f i g u r e  4 a r e  
g e n e r a l l y  from 700 t o  1100 m except  f o r  t h e  
fumaroles n e a r  t he  volcano s u m m i t  and f o r  t h e  
b i ca rbona te  h o t  s p r i n g s  t o  t h e  n o r t h  (520 m ) .  
The most remarkable f e a t u r e  of  t h e  thermal 
waters  of t h e  a r e a  is t h e i r  composi t ional  
v a r i e t y .  Waters discharged from product ion 
w e l l s  i n  t h e  Ohnuma f i e l d  and from explora tory  
w e l l s  i n  t h e  Sumikawa f i e l d  have n e u t r a l  pH 

Surface  rocks  i n  t h e  a r e a  shown i n  f i g u r e  

-287- 



4c 

I 
0 MT, YAKE VOLCANO 0 ZN 

SUMIKAWA A 
FIELD 

A 
A 

r 
0 

140"45' 
0 2 4 km 

. . . . . . . . . . . . . . . . . . . . . . . . . , , POSITIVE A N O M A L Y  ( > S O  m v )  ... ...... 
N E G A T I V E  A N O M A L Y  (<-I50 m v )  

Fig.  4 S e l f - p o t e n t i a l  d i s t r i b u t i o n  i n  the  M t .  
Yake a r e a .  Contour i n t e r v a l  i s  50 mV. 
Areas wi th  fumaroles  and/or steam-heated 
s u l f a t e  type  s p r i n g s  a r e  shown a s  tri- 
a n g l e s  (SK, Sumikawa; ON, Ohnuma; GS, 
Goshogake). Areas with c h l o r i d e -  
b i ca rbona te  type  thermal  water  d i scharge  
a r e  shown a s  s o l i d  c i r c l e s  (ZN,  
Zenikawa). Tamagawa (TM) h o t  s p r i n g s  
a r e a  i s  shown by a  s o l i d  square.  

and t o t a l  d i s s o l v e d  s a l t  c o n t e n t s  of about  
2000 ppm on t h e  average (Sakai  and Mori, 1981) .  

The r e s u l t s  of  t h e  SP surveys  a r e  shown i n  
f i g u r e  4. Anomalies o f  p o s i t i v e  p o l a r i t y  appear  
i n  t h r e e  a r e a s :  a t  t he  volcano summit, and 
on t h e  no r the rn  and s o u t h e a s t e r n  f l a n k s  of M t .  
Yake. 
Yake o v e r l i e s  t he  Sumikawa f i e l d ,  where the  subsur-  
face  temperature  i s  h i g h e r  than  t h e  surroundings 
(over  25OOC a t  t h e  sea l e v e l )  and a  vapor dominated 
zone is found a t  depths  of  400-600 m ASL (Kubota, 
1985). Consider ing t h e  chemistry of the  subsur face  
waters  i n  t h e  Sumikawa f i e l d ,  we b e l i e v e  t h a t  t h e  
subsur face  upflow c a r r i e s  enough e l e c t r i c  charge 
( C  is l a r g e  enough) t o  produce t h e  observed SP 
anomaly. 

The p o s i t i v e  anomaly t o  t h e  n o r t h  of M t .  

Exp lo ra t ion  d a t a  is n o t  s u f f i c i e n t  t o  charac- 
t e r i z e  t h e  geothermal a c t i v i t y  i n  t h e  a r e a  of t h e  
p o s i t i v e  anomaly s o u t h e a s t  of  M t .  Yake. We a l s o  
do n o t  have enough d a t a  on t h e  volcano summit 
a r ea ;  however, t h e  p o s i t i v e  anomaly over  200 mV 
i n  ampli tude and 500 m i n  width seems t o  be 

Fig. 

a s s o c i a t e d  wi th  t h e  fumaroles  t h e r e .  (To d i s -  
c u s s  SP anomalies a s s o c i a t e d  wi th  fumaroles ,  
we need more d a t a  on t h e  s t reaming p o t e n t i a l  
gene ra t ed  by t h e  flow of two-phase mixtures  Of 
water  and steam. Study on t h i s  problem i s  being 
c a r r i e d  o u t  by Marsden and Tyran (1986).) 

A s  shown i n  f i g u r e  4 ,  t h e r e  i s  no obvious 
anomaly o v e r l y i n g  t h e  a r e a s  w i t h  fumaroles  and 
h o t  s p r i n g s  except  t h e  volcano summit. This  i s  
thought  t o  be due t o  t h e  thermal  wa te r s  i n  t h e  
a r e a s  g i v i n g  very small C under near  s u r f a c e  
c o n d i t i o n  and genera t ing  no obse rvab le  anomaly 
wi th  t h e i r  d i scharge  from t h e  s u r f a c e .  

p o l a r i t y  on t h e  e a s t e r n  and western f l a n k s  of  
M t .  Yake. The downflow of  me teo r i c  wa te r s  can 
g e n e r a t e  such negat ive  anomalies  through e l e c -  
t r o k i n e t i c  coupl ing ( I sh ido ,  1981) .  We do n o t ,  
however, have enough d a t a  f o r  f u r t h e r  d i s -  
cuss ion .  

There a r e  two obvious anomalies  of nega t ive  

SP CHANGE INDUCED BY PRODUCTION OF GEOTHERMAL. 
FLUIDS 

When a  sink o r  source of f l u i d  is c r e a t e d  
i n  a  r e s e r v i o r  a s  a  r e s u l t  of p roduc t ion  o r  
i n j e c t i o n  of  geothermal f l u i d s ,  a  s u r f a c e  e l e c -  
t r i c  p o t e n t i a l  anomaly can be produced through 
e l e c t r o k i n e t i c  coupl ing i f  t h e  fo l lowing  
c o d i t i o n s  are s a t i s f i e d .  The c o n d i t i o n s  have 
been de r ived  f o r  e l e c t r o k i n e t i c  e f f e c t s  r e p r e -  
sen ted  by (1) and ( 2 )  wi thou t  bouyancy terms: 
t h e r e  i s  a boundary s e p a r a t i n g  r e g i o n s  of  

I! 

L O W  
T E M P .  . 
Z O N E  

S M A L L  
m 

Z O N E  

AP 

Nodels f o r  production-induced SP change. 
(a) High-low temperature  boundary, o r  
(b)  la rge-smal l  h y d r a u l i c  r a d i u s  (m)  
boundary a c t s  a s  a  boundary between 
r e g i o n s  of  d i f f e r i n g  s t reaming p o t e n t i a l  
c o e f f i c i e n t .  
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d i f f e r i n g  s t reaming p o t e n t i a l  c o e f f i c i e n t  C and 
t h e r e  i s  a component of p r e s s u r e  g r a d i e n t  pa r -  
a l l e l  t o  t h i s  boundary (Nourbehecht, 1963; 
F i t t e rman ,  1978) .  

A high-low temperature  boundary, a boundary 
between r e g i o n s  o f  d i f f e r e n t  po re  water  chemis- 
t r y ,  o r  a c o n t a c t  o f  d i f f e r e n t  rocks  i s  con- 
s i d e r e d  a s  a cand ida te  f o r  a boundary between 
r e g i o n s  of d i f f e r i n g  C i n  a geothermal r e s e r v o i r  
( f i g u r e  5 ) .  As shown i n  f i g u r e  1, t h e  v a l u e  o f  
C depends l a r g e l y  on t h e  temperature  o f  t h e  
system; t h e r e f o r e ,  a high-low temperature  bound- 
a r y  surrounding a r e s e r v o i r  a c t s  a s  a boundary 
between r e g i o n s  of  d i f f e r i n g  C ( f i g u r e  5 (a) ) . 
When two k i n d s  o f  r o c k s  come i n t o  c o n t a c t  w i th  
each o t h e r  and o t h e r  parameters  such a s  pore 
water chemistry a r e  homogeneous, no major devia-  
t i o n s  i n  C a r e  expected f o r  c r u s t a l  rocks ( I s h i d o  
and Mizutani ,  1981) .  However, i f  t h e  va lue  of 
h y d r a u l i c  r a d i u s  (m) of t h e  po res  and t h e  c racks  
v a r i e s  s i g n i f i c a n t l y  a c r o s s  t h e  boundary, a l a r g e  
d i f f e r e n c e  i n  C can appear  ( I s h i d o  and Mizutani ,  
1981) .  A l a rge - sma l l  hydxaul ic  r a d i u s  boundary, 
t h e r e f o r e ,  can be a boundary between r eg ions  of 
d i f f e r i n g  C ( f i g u r e  5 ( b ) ) .  

t i o n  and/or i n j e c t i o n  o f  f l u i d s  p ropaga te s  t o  a 
boundary between r e g i o n s  of d i f f e r i n g  C i n  
r e s e r v o i r  ( f i g u r e  51, an e l e c t r i c  p o t e n t i a l  
anomaly appea r s  on t h e  s u r f a c e  through e l e c t r o -  
k i n e t i c  coupl ing.  We can model t h e  p o t e n t i a l  
g e n e r a t i n g  mechanism q u a n t i t a t i v e l y  us ing  t h e  
formulat ion de r ived  by Nourbehecht .(1963) , 
Fit terman (19781, and F i t t e rman  (1979) .  I f  t h e  
boundary i s  n e a r l y  v e r t i c a l ,  t h e  anomaly w i l l  be 
d i p o l a r  i n  waveform (F i t t e rman ,  1979) .  

Production-induced e l e c t r i c  p o t e n t i a l  observed 
a t  Nigorikawa 

When a p r e s s u r e  change induced by produc- 

a 

The Nigorikawa c a l d e r a  i s  l o c a t e d  i n  t h e  
sou the rn  p a r t  o f  t h e  Hokkaido i s l a n d ,  Japan. 

140'26' 
r I 

NATURAL 

STATE 
0 1 2 kn 

1 -  

The diameter  of t h e  c a l d e r a  is about  3 km and 
fumaroles  and h o t  s p r i n g s  a r e  d i s t r i b u t e d  i n  
t h e  n o r t h e r n  h a l f  o f  t h e  c a l d e r a  f l o o r .  The 
thermal wa te r s  a r e  n e u t r a l  and c o n t a i n  much 
HC03'(500-1000 ppm). The c o n c e n t r a t i o n  of NaCl 
r anges  from t o  lo-' mol/l .  The Mori geo- 
thermal power p l a n t  (50 MW) has been b u i l t  
and i n  o p e r a t i o n  s i n c e  1982. SP surveys were 
conducted by GSJ t h r e e  times: i n  1978 and 1981 
( b e f o r e  p l a n t  s t a r t u p )  and i n  1984 a f t e r  t h e  
o p e r a t i o n  of t h e  power p l a n t  began. 

The r e s u l t  o f  t h e  1981 SP survey is 
shown in  f i g u r e  6 ( a )  ; SP is high i n s i d e  t h e  
c a l d e r a  compared t o  t h e  surrounding a r e a  and 
anomalies  o f  p o s i t i v e  p o l a r i t y  o v e r l i e  t h e  
no r the rn  a r e a  of h o t  s p r i n g s .  The r e s u l t s  
ob ta ined  from 1978 survey shows almost  t h e  same 
p o t e n t i a l  d i s t r i b u t i o n  as t h e  1981 r e s u l t  i n  
t h e  c a l d e r a .  The SP d i s t r i b u t i o n  observed i n  
1984, however, i s  s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  
i n  1981. The d i f f e r e n c e  between t h e  1981 and 
1984 SP d i s t r i b u t i o n  i s  shown i n  f i g u r e  6 ( b ) .  
The d i p o l a r  change i n  SP appears  ove r  t h e  main 
zone of f l u i d  product ion.  The observed change i s  
thought  t o  be gene ra t ed  by t h e  p roduc t ion  (and 
r e i n j e c t i o n )  o f  geothermal f l u i d s  through 
e l e c t r o k i n e t i c  coupl ing.  Q u a n t i t a t i v e  modeling 
o f  t h e  induced SP change i s  proceeding on t h e  
b a s i s  of a fo rmula t ion  s i m i l a r  t o  t h a t  given 
by F i t t e rman  (1979).  

CONCLUSIONS 

The c o r r e l a t i o n  between p o s i t i v e  SP 
anomalies and high temperature  upflow zones 
has  been confirmed f o r  s e v e r a l  geothermal a r e a s  
i n  Japan. Q u a n t i t a t i v e  modeling of t h e  e l e c t r o -  
k i n e t i c  e f f e c t s  by I s h i d o  (1981) shows t h a t  
s t reaming p o t e n t i a l  gene ra t ed  by hydrothermal 
c i r c u l a t i o n  is t h e  most l i k e l y  cause of t h e  ob- 
served p o s i t i v e  anomalies.  The hydrothermal- 
c i r c u l a t i o n - r e l a t e d  anomaly may o r  may n o t  be 

CHANGE 0' 
INDUCED BY 
PRODUCTION 0 1 2 kn 

I 
... 

I - 
Fig .  6 ( a )  S e l f - p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  Nigorikawa c a l d e r a ,  Japan observed i n  1981. 

(b) Change i n  SP induced by product ion of geothermal f l u i d s .  
The edge o f  t h e  c a l d e r a  f l o o r  i s  shown by d o t t e d  l i n e s .  

Contour i n t e r v a l  i s  1 0  mV. 
The we l l  s i t e s  a r e  shown a s  B - F. 
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observable  depending upon c o n d i t i o n s  such as t h e  
temperature ,  t h e  chemical  composi t ion of  t h e  
pore  w a t e r ,  t h e  f low rate,  and the geometry of  
t h e  hydrothermal convect ion c e l l .  

I n  t h e  neighborhood of an  o p e r a t i n g  geother-  
m a l  power p l a n t ,  t h e r e  i s  t h e  p o s s i b i l i t y  o f  t h e  
development of  product ion-induced SP change 
through e l e c t r o k i n e t i c  coupl ing.  TIie observed 
change a t  t h e  Nigorikawa c a l d e r a  i n  Japan can be 
modeled q u a n t i t a t i v e l y  us ing  t h e  formula t ion  of 
F i t te rman (1979). 
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