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ABSTRACT 

A b a s i c  concept of t h e  geothermal r e s e r v o i r  as 
a s e t  of c racks  i s  f i r s t  p resented .  Extensions 
of subsur face  c racks  dur ing  w e l l  s t i m u l a t i o n  
t rea tments  a t  Nigorikawa(Mori) and c l o s u r e  op- 
e r a t i o n s  of product ion well-head va lves  a t  
Kakkonda a r e  analysed and t h e i r  behaviors  a r e  
demonstrated based on r e s u l t s  of long-dis tance 
AE Measurements. 

INTRODUCTION 

I t  has  become evident  r e c e n t l y  t h a t  t h e  produc- 
t i v i t y  of geothermal w e l l  i s  h ighly  dependent 
on t h e  e x i s t e n c e  of c racks  i n  deep rock masses. 
I n  HDR p r o j e c t s  subsur face  c racks  are known t o  
s e r v e  f o r  h e a t  exchangers below t h e  e a r t h ' s  
s u r f a c e .  By apply ing  t h e  h y d r a u l i c  f r a c t u r i n g  
technique as a w e l l  s t i m u l a t i o n ,  subsur face  
c racks  a r e  c r e a t e d  and used a s  channels  of t h e  
geothermal f l u i d  flow. The ex tens ion  of sub- 
s u r f a c e  c racks  has  been s u c c e s s f u l l y  measured 
a t  Nigorikawa(Mori) i n  1980 by using a long- 
d i s t a n c e  a c o u s t i c  emission(AE) technique devel-  
oped i n  Tohoku Univers i ty(Ni i t suma,  H. e t  a l . ,  
1983). The movement of subsur face  n a t u r a l  
c racks  dur ing  t h e  c l o s u r e  o p e r a t i o n  of t h e  
well-head v a l v e s  has  a l s o  been measured a t  
Kakkonda i n  1982 and 1983 by using t h e  same 
measurement technique.  

In  t h i s  paper a b a s i c  concept of t h e  geothermal 
r e s e r v o i r  i s  f i r s t  descr ibed ,  as i t  i s  sug- 
ges ted  from experiments  on geothermal energy 
e x t r a c t i o n  f o r  bo th  HDR and hydrothermal  types  
t h a t  t h e  geothermal r e s e r v o i r  i s  c o n s t i t u t e d  by 
a set of c racks .  The behaviors  of subsur face  
c racks  a t  both Nigorikawa(Mori) and Kakkonda 
geothermal f i e l d s  a r e  demonstrated by ana lys ing  
t h e  AE d a t a .  

BASIC CONCEPT OF GEOTHERMAL RESERVOIR 

a. Geothermal r e s e r v o i r  

There a r e  two k inds  of geothermal r e s e r v o i r s ,  
i . e . ,  n a t u r a l  and man-made r e s e r v o i r s .  Every 
geothermal r e s e r v o i r  i s  considered t o  be con- 
s t i t u t e d  by a s e t  of c r a c k s ,  most of which a r e  
connected each o t h e r  and conta in  a geothermal 
f l u i d .  

b. Cracks i n  geothermal r e s e r v o i r  

F a u l t s ,  j o i n t s .  o r  t h i n  l a y e r s  s u b j e c t e d  t o  a l -  
t e r a t i o n  due  t o  metamorphism have s m a l l e r  va l -  
ues of t h e  f r a c t u r e  toughness than  t h a t  of t h e  
surrounding rock. Let t h e s e  s u r f a c e s  o r  t h i n  
l a y e r s  be c a l l e d  " s u r f a c e s  of weakness". 

When t h e  rock mass i s  f r a c t u r e d  i n t o  two p a r t s  
by a s u r f a c e  of weakness and t h e  f l u i d  i s  f i l -  
l e d  i n s i d e  t h e  newly c r e a t e d  t h i n  space ,  t h i s  
space i s  s a i d  t o  be a crack i n  t h e  sense  of 
f r a c t u r e  mechanics appl ied  t o  geothermal energy 
e x t r a c t i o n .  The f r a c t u r e  toughness of t h e  (un- 
f r a c t u r e d )  s u r f a c e  of weakness i s  g e n e r a l l y  
d i f f e r e n t  from zero .  A scheme of c rack  and 
s u r f a c e  of weakness i s  shown i n  F igure  1. 

n / " 
// 

Figure 1. Cracks i n  geothermal r e s e r v o i r  and 
s u r f a c e s  of weakness 

c. Growth o f  geothermal r e s e r v o i r  cracks 

c-1. Massive h y d r a u l i c  f r a c t u r i n g  u s i n g  deep 
Wel l  pumps. The cracks  c r e a t e d  by massive hy- 
d r a u l i c  f r a c t u r i n g  f o r  both HDR and hydrother-  
mal types  a r e  considered.  I n  g e n e r a l  t h e  crack 
i n i t i a t e s  on t h e  l i n e  formed by i n t e r s e c t i n g  
t h e  wel lbore  w a l l  wi th  t h e  s u r f a c e  of weakness. 
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However i f  t h e  f r a c t u r i n g  ope ra t ion  i s  per- 
formed on t h e  very  small p o r t i o n  of t h e  wel l -  
bore  w a l l  by using,  f o r  example, a p a i r  of 
packers ,  t h e  c rack  may be produced from a po in t  
of t h e  mat r ix  of t h e  rock  mass, which i s  d i f -  
f e r e n t  from a po in t  on t h e  s u r f a c e  of weakness. 

When t h e  c rack  grows by t h e  i n j e c t i o n  of f l u i d ,  
i t  has  a tendency t o  ex tend  a long  t h e  s u r f a c e  
of weakness which i s  probably v e r t i c a l  t o  t h e  
d i r e c t i o n  of t h e  minimum p r i n c i p a l  t e c t o n i c  
s t r e s s .  The c rack  ceases  growing a s  t h e  in j ec -  
t i o n  of water  by pump i s  s topped ,  as shown i n  
F igure  2. I n  a hydrothermal  type ,  however, i f  
t h e  c rack  is  connected wi th  n a t u r a l  c racks  wi th  
h ighe r  f l u i d  p re s su re ,  some small branch c racks  
may grow even a f t e r  t h e  s t o p  of t h e  water  in -  
j e c t i o n  by pump. 

time t t D 0 
Figure  2. S i ze  of  c rack  a s  f u n c t i o n  of t i m e  t .  

( I n j e c t i o n  of  f l u i d  i s  s topped a t  

c-2. Closure operation o f  well-head valves. 
It was found dur ing  t h e  c l o s u r e  o p e r a t i o n  of  
product ion  well-head va lves  t h a t  t h e  c racks  
grow a long  s u r f a c e  of  weakness as i n  t h e  case  
of f r a c t u r i n g  by us ing  pumps. Two cases  a r e  
cons idered;  ( i )  ho t  water  t y p e ,  and ( i i )  vapor 
type .  I n  Case ( i )  ho t  water  i s  dominant i n  
q u a n t i t y  compared wi th  vapor ,  and Case ( i i )  i s  
reversed .  F igure  3 shows a schema f o r  t h e  var-  
i a t i o n  of downhole p re s su re ,  where t h e  c losu re  
ope ra t ion  of t h e  well-head va lve  beg ins  a t  t = 
0 and i t  i s  completed at  t = tD i n  both  c a s e s .  
The AE even t s  a r e  de t ec t ed  when t h e  v e l o c i t y  
of  c l o s u r e  ope ra t ion  is l a r g e r  t han  a c e r t a i n  
va lue .  The ex tens ion  of c racks  a r e  known by 
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Figure  3. A schema f o r  borehole  p re s su re  

ve r sus  t i m e  

d e t e c t i n g  t h e s e  AE even t s .  I n  Case ( i )  AE 
even t s  are found even f o r  t < t D ,  whi le  t hey  
could be de t ec t ed  f o r  t > t D  i n  Case ( i i )  be- 
cause of t h e  compress ib i l i t y  of t h e  vapor .  The 
f a c t  t h a t  AE even t s  are de tec t ed  a l s o  dur ing  a 
dozen o r  so hours  a f t e r  t h e  c l o s u r e  ope ra t ion  
means t h a t  f l u i d  p r e s s u r e s  i n  s m a l l  c racks  con- 
t i n u e  t o  i n c r e a s e  depending on t h e  pe rmeab i l i t y  
and/or  t h e  f l u i d  v i s c o s i t y .  Afterward t h e  
downhole p re s su re  and a l s o  t h e  number of AE 
even t s  decrease  s lowly wi th  t i m e .  

c-3. Supplements t o  growth o f  cracks. Hydrau- 
l i c a l l y  induced c racks  both  by t h e  a c t i o n  of  
pumps and t h e  c losu re  o p e r a t i o n  of  well-head 
va lves  extend wi th  t h e  i n c r e a s e  of  t h e  f l u i d  
mass i n  each of t h e  c racks  and/or  wi th  t h e  de- 
c r e a s e  of t h e  f r a c t u r e  r e s i s t a n c e  which depends 
on t h e  environmental  e f f e c t  nea r  t h e i r  t i p s .  
However, t h e  c racks  extend e s s e n t i a l l y  i n  a 
s t a b l e  manner d i f f e r e n t  from those  i n  t h e  mem- 
b e r s  i n  machines and s t r u c t u r e s  (Ab&, H .  e t  a l . ,  
1976). 

According t o  t h e  AE measurements mentioned i n  
t h i s  paper  t h e  c racks  i n  hydrothermal  systems 
are considered t o  extend mainly i n  downstream 
domains of t h e  geothermal  f l u i d  f low.  

CREATION OF RESERVOIR CRACKS BY FRACTURING AND 
ITS AE EVALUATION AT NIGORIKAWA(MOR1) FIELD 

A 50MWe geothermal  e l e c t r i c  power p l a n t  had 
been developed i n  t h e  Nigorikawa(Mori) geother-  
m a l  f i e l d  i n  Hokkaido by Dohnan Geothermal 
Energy Co., L td . ,  a subs idary  of Japan Metals  
& Chemicals Co., L td . ,  and w a s  pu t  i n t o  opera- 
t i o n  i n  November, 1982. A t o t a l  o f  17  geother-  
mal w e l l s  a t  t h e  depth  ranging  from 700m t o  
2400m had been d r i l l e d .  I n  o rde r  t o  s t i m u l a t e  
geothermal  w e l l s ,  massive hydrau l i c  f r a c t u r i n g  
t r ea tmen t s  were performed f o r  1 0  w e l l s ,  i n  two 
s e p a r a t e  p r o j e c t s  i n  1978 and 1980. The de- 
t a i l e d  informat ion  f o r  t h i s  hydrau l i c  f r a c t u r -  
i n g  was a l r eady  descr ibed  elsewhere (Ka tag i r i ,  
K.  e t  a l . ,  1980, S a t o ,  K. e t  a l . ,  1983). 

On May 1, 1980, t h e  massive hydrau l i c  f r a c t u r -  
i n g  f o r  D-1 w e l l  w a s  c a r r i e d  o u t ,  where t h e  
long-d is tance  AE measurement was a l s o  performed 
t o  monitor  t h e  c rack  ex tens ion  du r ing  t h e  f r ac -  
t u r i n g .  A l a r g e  p re -ex i s t ing  cr,-k w a s  ob- 
se rved  a t  t h e  depth of about 1400m from t h e  
maximum l o s t  c i r c u l a t i o n  of mud water  du r ing  
w e l l  d r i l l i n g .  
30m depth  was d r i l l e d .  
n ique  and exper imenta l  d e t a i l s  were repor ted  
a l r eady  i n  t h e  l i t e r a t u r e  (Niitsuma, H.  e t  a l . ,  
1983) .  The d i s t a n c e  between t h e  expected f r ac -  
t u r e d  l o c a t i o n  and t h e  AE moni tor ing  w e l l  w a s  
about 1600m. 

An AE ins t rumen ta t ion  we l l  of 
The AE hodogram tech-  

AE moni tor ing  had been cont inued f o r  3.5hr dur- 
i n g  t h e  f r a c t u r i n g  (about 1 . 5 h r ) ,  and be fo re  
and a f t e r  t h e  ope ra t ion  i n  o rde r  t o  check t h e  
background n o i s e  l e v e l .  Twenty-one AE even t s  
could be de t ec t ed  dur ing  t h e  hydrau l i c  f r a c t u r -  
i n g  by t h e  waveform monitor ing.  
va lue  of t h e i r  ampli tude i s  0.86gal .  

The maximum 
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Normally a h y d r a u l i c a l l y  induced f r a c t u r e  for-  
mation i s  e s t ima ted  by an ab rup t  p r e s s u r e  drop,  
denoted as a breakdown, under a c o n d i t i o n  of 
i n c r e a s i n g  o r  cons t an t  f l ow rate.  However, one 
could n o t  determine t h e  breakdown p o i n t  c l e a r l y  
only from t h e  p re s su re  change. On t h e  o t h e r  
hand, AE e v e n t s  would be gene ra t ed  p o t e n t i a l l y  
by t e n s i o n  e l a s t i c  rebound a t  t h e  f r a c t u r e  
boundary and rock b u r s t s  n e a r  t h e  f r a c t u r e d  
zone. Therefore ,  t h e  AE technique i s  e f f ec -  
t i v e l y  used f o r  t h e  monitor ing o f  t h e  abrupt  
breakdown dur ing  h y d r a u l i c  f r a c t u r i n g .  All 
l a r g e  AE s i g n a l s  d e t e c t e d  are l i s t e d  i n  Table 1 

Table 1. AE s i g n a l s  d e t e c t e d  du r ing  h y d r a u l i c  
f r a c t u r i n g  a t  D-1 w e l l  

LOCATED AE SOURCE TIME No. 
DISTANCE(m) DIRECTION( " )  

1 s t STAGE 
1 0 : 4 1 ' 1 2" 3 1603 W37. OS 
10:51 ' 2 2 "  6 1613 w34.75 
10:59'55" 10 1325 w33. os 
1 1 : 07 ' 45" 1 1 1238 w43.3s 
11:10'42" 13 1100 w21 .os 

2nd STAGE 
11:36'02" 17 1278 w43.5s 
1 1 : 36 ' 40" 1 9 1414 W25.1S 
1 1 : 46 20" 24 1585 w15s-w22s 
11 :49'40" 25 1331 w34.55 
11 :55'25" 26 1715 W26. OS 
11 : 56'50" 29 1556 W15S-Wl8S 
11 :57' 12" 30 1704 W23.1S 
12:Ol'lO" 31 1109 W30.0S 

Est imated d i s t a n c e s  between sonde and AE source 
by t h e  hodogram method are p resen ted  i n  Table 1 
where t h e  wave v e l o c i t i e s  are assumed t h a t  v = 
4330m/s, vs = 2500m/s acco rd ing  t o  c o r e  sampfe 
da ta .  E s t i m a t e d  r e l a t i v e  d i r e c t i o n s  i n  XY(hor- 
i z o n t a l )  plane are a l s o  i n d i c a t e d  i n  the  t a b l e .  

Figure 4 shows t h e  subsu r face  geo log ic  s e c t i o n  
view where t h e  contour  of D-1 w e l l  is  i n  p l ane .  
The D-6 w e l l  had been t r e a t e d  be fo re  t h e  t reat-  
ment o f  D-1.  Both D - 1  and D-6 w e l l s  are almost 
i n  t h e  same p lane .  A series of numbers and 
t h e i r  l o c a t i o n s  i n d i c a t e  an o r d e r  o f  AE occur- 
rence and t h e  sou rce  l o c a t i o n s  given i n  Table 1. 
F1, F2 and F3 r ep resen t  t h r e e  major f a u l t s  and 
LC i n  t h e  f i g u r e  i n d i c a t e s  t h e  l o c a t i o n  of l o s t  
c i r c u l a t i o n  o f  mud water d u r i n g  w e l l  d r i l l i n g ,  
and i t  shows t h e  e x i s t e n c e  o f  a c rack  i n  t h e  
geothermal r e s e r v o i r .  The l o s t  c i r c u l a t i o n s  
mainly occurred along t h e  f a u l t ,  t h e  upper p a r t  
of l imestone l a y e r  and t h e  f r a c t u r e d  c h e r t  
l a y e r ( t h e  d o t t e d  l a y e r  in Figure 4 )  at  t h e  . 
depth ranging from 1200m t o  1400m. I t  i s  con- 
f i rmed from c o r e  samples t h a t  the f r a c t u r e d  
c h e r t  l a y e r  i nc ludes  p re -ex i s t ing  c racks  in-  
duced n a t u r a l l y  having networks of po res  caused 
by weather ing.  LC j u s t  below t h e  cas ing  bottom 
i n  D - 1  w e l l  i n d i c a t e s  t h e  expected f r a c t u r e d  
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Figure 4. A-A'(E-W) s e c t i o n  view of subsu r face  
g e o l o g i c a l  s t r u c t u r e  and AE sou rce  
l o c a t i o n s  

po in t  and D - 1  w e l l  i n t e r s e c t s  w i th  t h e  f a u l t  F2 
a t  t h i s  po in t .  

Af t e r  t h e  h y d r a u l i c  f r a c t u r i n g  i t  i s  found from 
t h e  t r a c e r  and wel l  performance tes t s  t h a t  t h e  
breakthrough between D - 1  and D-6 w e l l s  occurred.  
When t h e  p roduc t ion  t e s t i n g  of D - 1  w e l l  w a s  
c a r r i e d  o u t ,  both well-head p r e s s u r e s  of D - 1  
and D-6 w e l l s  bu i l t -up  s imultaneously.  There- 
f o r e ,  i t  can be considered t h a t  t h e  crack ex- 
tended along t h e  f a u l t  F2 and t h e  n a t u r a l l y  
f r a c t u r e d  c h e r t  l a y e r ( d o t t e d  l a y e r  i n  Figure 4 ) .  

A h o r i z o n t a l  d i s t r i b u t i o n  of AE sou rce  i s  p l o t -  
t e d  as shown i n  Figure 5 ,  where F1, F2 and F3 
show t h e  l o c a t i o n  of t h e  f a u l t s  nea r  t h e  depth 
of t h e  expected f r a c t u r e d  zone (1300-1500m) and 
t h e  c rack  ex tens ion  i s  i n d i c a t e d  over  t h e s e  
f a u l t s .  The c rack  ex tens ion  p rocess  du r ing  t h e  
h y d r a u l i c  f r a c t u r i n g  of D-1  w e l l  may be ex- 
p l a ined  by means of t h e  AE d a t a ,  as fo l lows ,  
r e f e r r i n g  F igs .  4 and 5 :  (1)  The AE occurrences 
of //3 and 6,  which are shea r  dominant type 
e v e n t s ,  suggest  t h a t  a shea r  c rack  extended 
from t h e  p o i n t  of t h e  maximum l o s t  c i r c u l a t i o n  
nea r  t h e  cas ing  shoe along t h e  f a u l t  plane F2. 
( 2 )  The c rack  w a s  kinked a t  t h e  n a t u r a l l y  f r ac -  
t u r e d  c h e r t  l a y e r  and extended i n  t h e  l a y e r  
toward t h e  d i r e c t i o n  of t h e  f a u l t  F3(1110), and 
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Figure  5. Hor i zon ta l  d i s t r i b u t i o n  of AE sources  

t h e  d a t a  may sugges t  an  occurrence  of an open- 
i n g  mode cracking.  (3) A shea r  mode cracking  
occurred  a g a i n ( t l 1 )  when t h e  c rack  reached t o  
t h e  f a u l t  p lane  F3, where a h y d r a u l i c a l l y  i n -  
duced crack  from D-6 w e l l  had a l r eady  e x i s t e d .  
(4) Af t e r  t h a t ,  t h e  c rack  extended i n  t h e  l a y e r  
(1113-30), nea r ly  p a r a l l e l  t o  t h e  l i n e  A-A' 
which co inc ides  wi th  t h e  maximum e a r t h  s t r e s s  
d i r e c t i o n  i n  t h e  Nigorikawa(Mori) a r e a  
(Nakamura, H . ,  1 9 7 7 ) .  

EXTENSION OF RESERVOIR CRACKS DURING BUILT-UP 
TEST(VALVE CLOSURE OPERATION) AT KAKKONDA FIELD 

Kakkonda geothermal  f i e l d  i s  loca ted  i n  Iwate  
p r e f e c t u r e .  A 50MWe geothermal  e l e c t r i c  power 
p l a n t  had been developed i n  t h e  f i e l d  by Japan 
Metals  and Chemicals Co., L td . ,  and was put  
i n t o  ope ra t ion  i n  1978 (Nakamura, H. and Sumi, 
K . ,  1981, Sa to ,  K . ,  1982) .  

Eleven w e l l s  a r e  be ing  used f o r  product ion  and 
fou r t een  f o r  r e i n j e c t i o n  of  ho t  water .  

The build-up t e s t s  of product ion  w e l l s  have 
been c a r r i e d  out  i n  1982 and 1983 a t  Kakkonda 
f i e l d ,  a f t e r  an i n t e r v a l  of about one yea r .  AE 
s i g n a l s  dur ing  t h e  tests were measured. The 
well-head va lves  of t h e  fou r  w e l l s  (E-1, C-5, 
B-5 and B-3)  were c losed  success ive ly  w i t h i n  
s i x  hours  i n  1982. Af t e r  t h a t ,  va lves  of re- 
maining seven w e l l s  (A-1,-2,-3, B-1, C-2,-3, 
D-1) were c losed  w i t h i n  t h r e e  hours .  Both 
well-head p res su re  and f l o w  rate w e r e  monitored 
dur ing  t h e  t es t .  AE were measured i n  an in-  
s t rumen ta t ion  we l l  of 15m depth  which had been 
d r i l l e d  i n t o  t h e  t u f f ( s e e  F igure  9 ) .  

F igure  6 shows t h e  ringdown count r a t e  v s  t ime 
a long  wi th  flow r a t e .  A s  shown i n  t h e  f i g u r e ,  
t h e  a c o u s t i c  emission a c t i v i t y  i n c r e a s e s  wi th  
dec reas ing  f low r a t e .  It i s  a l s o  noted  t h a t  
t h e  success ive  va lve  c l o s u r e s  of m u l t i p l e  w e l l s  
o r  t h e  l a r g e  change of f low r a t e  w i th in  a s h o r t  
per iod  induced a l o t  of a c o u s t i c  emiss ions .  

TIME 

Figure  6. AE ringdown count  r a t e  and f low rate ve r sus  t ime dur ing  bu i l t -up  test ( J u l y  15 ,  1982) 
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Figure  7 shows t h e  change of each well-head 
p res su re  and t h e  occurrences  of i n d i v i d u a l  AE 
as a f u n c t i o n  of t ime,  where t h e  he igh t  of open 
c i r c l e  means AE event  energy.  Although a de- 
t a i l e d  a n a l y s i s  i s  needed t o  c o r r e l a t e  t h e  
well-head p res su re  wi th  t h e  bottom p res su re ,  
t h e  t r a n s i e n t  behavior  of well-head p res su re  
and t h e  v a r i a t i o n  of AE a c t i v i t y  i s  very  s i m -  
i l a r  t o  t h a t  suggested i n  F igure  3. 

The AE s i g n a l s  de t ec t ed  were processed by t h e  
same procedure ,  and t h e  AE source  l o c a t i o n s  
were determined by us ing  t h e  p- and s-wave ve- 
l o c i t i e s  of 3560m/s and 2060m/s r e s p e c t i v e l y .  
F igure  8 i s  a p lane  d i s t r i b u t i o n  of AE sources .  
The AE sou rces  are l o c a l i z e d  i n  a sou theas t  re- 
gion of t h e  f i e l d ,  surrounded by f a u l t s .  It is  
a l s o  shown t h a t  t h e  a c t i v e  a r e a  seems t o  extend 
g radua l ly  outward dur ing  t h e  va lve  ope ra t ion .  
F igure  9 shows t h e  v e r t i c a l  p r o j e c t i o n  of t h e  
AE sources  de t ec t ed  nea r  A-A' s e c t i o n  of  F ig .8 .  
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Figure  7 .  AE event  energy ,  f low r a t e  and well-head p res su re  ve r sus  time ( J u l y  1 5 ,  1982) 

F igure  8. 
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A AE SONDE 

Y A :  YAMATSUDA FORMATION 

KU: KUNIMITOGE a b  

T A :  TAKINOUE-ONSEN $1 

A AE sources on fault plane 

0 AE sources on horizontal 
fractured layer 

Figure 9. Vertical projection of  AE sources detected near A-A' section of Fig. 8 

It is found that AE sources and their time 
variation are closely related to the successive 
movements of reservoir cracks. Based on the 
built-up valve operation and AE data we can 
understand a detailed structure of the geother- 
mal reservoir cracks at Kakkonda, with special 
reference to the geological fine discontinu- 
ities. 
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