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A numerical  s i m u l a t i o n  o f  t h e  f l u i d  p r o d u c t i o n  h i s t o r y  a t  t h e  
Wairakei  f i e l d  has been performed i n  a two-dimensional v e r t i c a l  p lane 
which passes through t h e  p r i n c i p a l  f e a t u r e s  o f  t h e  r e s e r v o i r .  A 
successfu l  h i s t o r y  match, i n  terms o f  t h e  pressure  d e c l i n e  i n  t h e  
system, was ob ta ined.  D e t a i l s  o f  t h a t  s i m u l a t i o n  have been r e p o r t e d  
elsewhere (Garg, -- e t  a i . ,  1976) b u t  t h e  r e s u l t s  a r e  summarized h e r e i n  f o r  
c l a r i t y .  

As i s  w e l l  known, s u b s t a n t i a l  , land s u r f a c e  subsidence has accom- 
panied p r o d u c t i o n  a t  Wairakei .  Both t h e  l o c a t i o n  o f  t h e  r e g i o n  o f  
maximum subsidence and t h e  c h a r a c t e r  o' f  t h e  de format ion  a r e  somewhat 
anomalous, i n  t h a t  the  g r e a t e s t  subsidence occur red  o u t s i d e  t h e  pro-  
d u c t i o n  area and s u b s t a n t i a l  evidence e x i s t s  f o r  n o n - l i n e a r  rock  behav io r  
d u r i n g  produc t ion .  The reasons fo r  t h i s  p e c u l i a r  behav io r  a r e  d i s -  
cussed, and s p e c u l a t i o n s  a r e  presented concern ing t h e  adequacy of 
e x i s t i n g  subs idence-pred ic t ion  techniques.  

S i m u l a t i o n  o f  Wairakei  Produc t ion  H i s t o r y  

The Wairakei  geothermal system i s  l o c a t e d  n o r t h  o f  Lake Taupo and 
west o f  t h e  Waikato R i v e r  ( F i g u r e  1 ) ;  i t  occupies a s u r f a c e  area o f  
approx imate ly  15 km2 (Gr ind ley ,  1965), and extends westward f r o m  t h e  
r i v e r  approx imate ly  5 km. I n  o r d e r  t o  s i m u l a t e  t h e  behav io r  o f  t h e  f i e l d ,  
we cons ider  a two-dimensional  v e r t i c a l  c r o s s - s e c t i o n  ( l i n e  AB i n  F i g u r e  1 )  
which extends through t h e  main p r o d u c t i o n  area and t h e  r e g i o n  o f  l a r g e  
s u r f a c e  subsidence. The g e o l o g i c  s t r a t i f i c a t i o n ,  as determined from 
w e l l b o r e  logs ( G r i n d l e y ,  1965; Grange, 1955) i s  shown i n  F i g u r e  2. The 
numer ica l  g r i d  i s  shown i n  F i g u r e  3. Most o f  t h e  f l u i d  p r o d u c t i o n  comes 
f rom t h e  Waiora f o r m a t i o n  (see F i g u r e  3 ) .  
s t e e p l y  i n  t h e  eas t  ( F i g u r e  2 ) ;  t h e  exact  depth i s ,  however, unknown and, 
t h e r e f o r e ,  t h e  i n d i c a t e d  depth i n  F i g u r e  2 may be i n  s u b s t a n t i a l  e r r o r .  
To t h e  west,  t h e  Waiora f o r m a t i o n  i s  c u t  by t h e  much l e s s  permeable 
r h y o l i t e s .  There a r e  i n d i c a t i o n s  t h a t  t h e  r e s e r v o i r  extends beyond A 
i n  t h e  west (Bo l ton ,  1970); f o r  purposes o f  t h e  present  s tudy t h i s  i s ,  
however, n o t  v e r y  impor tan t .  The r e s e r v o i r  i s  assumed t o  be 3 k m  
t h i c k  ( i n  t h e  d i r e c t i o n  t r a n s v e r s e  t o  AB); t h i s  y i e l d s  a s u r f a c e  area 
o f  15  krn2 f o r  t h e  r e s e r v o i r .  
d e n s i t y ,  s p e c i f i c  .heat, thermal c o n d u c t i v i t y ,  e t c . )  a r e  determined f rom 
t h e  a v a i l a b l e  f i e l d  da ta  ( c . f . ,  Mercer, -- e t  a l . ,  1975) and s t u d i e s  o f  core  
samples performed f o r  S3 by T e r r a  Tek. 

The Waiora f o r m a t i o n  d i p s  

The rock  p r o p e r i t e s  ( p e r m e a b i l i t y ,  p o r o s i t y ,  

-31 0- 



The f i e l d  behavior was simulated from 1953 through 1967 s ince  
the  subsidence i s  w e l l  documented ( f o r  1967), and the data r e a d i l y  
access ib le  through 1967. F igure  4 shows a comparison o f  ca l cu la ted  
pressure-drop h i s t o r y  f o r  the  produc t ion  area w i t h  the data.  I n  
general the  agreement i s  extremely good. Borehole 36 i s  o f  spec ia l  
i n t e r e s t  i nso fa r  as i t  l i e s  toward the eastern end o f  the f i e l d ;  observed 
pressure drops i n  borehole 36 a r e  genera l l y  lower than those observed 
elsewhere i n  the  f i e l d .  Th is  suggests t h a t  the  Waiora fo rmat ion  i n  the 
east has a lower pearmeab i l i t y  than t h a t  i n  the r e s t  o f  the  geothermal 
f i e l d  (c . f . ,  Mercer, -- e t  a l . ,  1975). 
ho le  36 a r e  a l s o  i n  good agreement w i t h  the  data (see F igure  4 ) .  

The computed pressures f o r  bore- 

The behavior o f  the  Wairakei f i e l d ,  under e x p l o i t a t i o n ,  i s  p r i -  
m a r i l y  governed by the  s a t u r a t i o n  temperature-pressure r e l a t i o n  f o r  
water (Bol ton,  1970). The upper po r t i ons  o f  the  r e s e r v o i r  s t a r t  f l a s h i n g  
soon a f t e r  the  produc t ion  commences (see F igure  Sa.); t h i s  he lps t o  
ma in ta in  the  r e s e r v o i r  pressures i n  the  e a r l y  years (Figures 4, 6a). 
The two-phase b o i l i n g  reg ion  keeps on growing w i t h  cont inued product ion;  
i n  the  years 1959-1960, the  two-phase f l ow  begins t o  invade the  pro-  
duc t i on  hor izon  (F igure 5b). F i e l d  pressures now (1959-1960) begin 
t o  drop r a p i d l y  (see Figures 4 and 6b) due t o  the r e l a t i v e  pe rmeab i l i t y  
e f f e c t  i n  two-phase f low.  Eventua l l y  (around 1964) the  e n t i r e  pro-  
duc t i on  reg ion  s t a r t s  t o  b o i l  (see F igure  5c) ;  t h i s  marks the  onset o f  
t he  r e l a t i v e  f l a t t e n i n g  o f  t he  pressure drop curve (F igure  4 ) .  
d iscuss ion  i l l u s t r a t e s  the dominating i n f l uence  exerc ised by b o i l i n g  
on the  r e s e r v o i r  pressure response; as a mat te r  o f  f a c t ,  a l l  the 
important stages ( i n i t i a l  f l a t  po r t i on ,  middle l a r g e  pressure drop 
reg ion,  and f i n a l  r e l a t i v e l y  f l a t  p a r t ,  F igure  4) i n  the r e s e r v o i r  
pressure h i s t o r y  can be t raced t o  b o i l i n g  i n  one o r  another p a r t  o f  
t he  rese rvo i r .  

The above 

Subsidence a t  Wairakei 

Ground subsidence a t  Wairakei was f i r s t  measured i n  1956 when bench- 
mark l e v e l s  were compared w i t h  those es tab l i shed i n  1950; p e r i o d i c  mea- 
surements have ind ica ted  t h a t  the area a f f e c t e d  by subsidence probably 
exceeds 25 square m i les  (Hatton, 1970). The area o f  maximum subsidence 
(subsidence 2 0.5 m ) ,  however, l i e s  ou ts ide  the  main produc t ion  region. 
Cross-sect ion AB (Figures 1-3) passes through the  l a r g e  Subsidence 
reg ion;  the  i n t e r s e c t i o n  o f  the  subsidence reg ion  w i t h  AB i s  ind ica ted  
i n  F igure  3. The maximum subsidence reg ion,  i n  the  shape o f  an e l l i p -  
t i c a l  bowl, o v e r l i e s  the t h i c k e r  p a r t  o f  Waiora format ion (F igure  3 ) .  
Maximum subsidence a t  Wairakei (1964-1974) i s  o f  the order  o f  4 .5  m; 
t h i s  has been accompanied by ho r i zon ta l  movements o f  the  order  o f  0.5 m 
( S t i l l w e l 1 , e t  -- a l . ,  1975; see F igure 7 ) .  

Pressure p r o f i l e s  (Figures 6a-c) show t h a t  the  reg ion  o f  l a rges t  
pressure drop l i e s  d i r e c t l y  below the maximum subsidence area; f u r t h e r -  
more, the  reg ion  o f  l a rge  pressure drop t o  the  west o f  t he  subsidence 
reg ion  ( i .e . ,  i n  the  th inne r  p a r t  o f  Waiora) i s  r e l a t i v e l y  smal l .  Th is  
s t r o n g l y  suggests t h a t  the  subsidence p a t t e r n  observed a t  Va i rake i  i s  the 
combined r e s u l t  o f  the l o c a l  geology and the  f l u i d  p roduc t ion  h i s t o r y .  
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Labora tory  measurements have been performed upon c o r e  samples 
f rom Wai r a k e i  by T e r r a  Tek (.see P r i t c h e t t , e t  -- a l . ,  1976). 
ments y i e l d e d ,  among o t h e r  q u a n t i t i e s ,  t h e  b u l k  (K) and shear (11) 
e l a s t i c  modul i  o f  t h e  v a r i o u s  s t r a t a .  I f  t h e  l a b o r a t o r y  measurements 
a r e  taken as c o r r e c t  f o r  t h e  t h i n  s u r f a c e  l a y e r s  o v e r l y i n g  t h e  r e s e r v o i r  
(pumice/breccia and Huka Fa1 1s f o r m a t i o n ) ,  we may determine t h e  
e f f e c t i v e  e l a s t i c  modul i  o f  t h e  Waiora f o r m a t i o n  through knowledge o f  
(1) t h e  pressure  drop  h i s t o r y ,  (2)  t h e  measured subsidence h i s t o r y ,  and 
(3)  t h e  th ickness  o f  t h e  Waiora l a y e r .  Dur ing t h e  i n t e r v a l  1964-1967, 
r e s e r v o i r  pressures i n  t h e  Waiora dropped a t  a r a t e  o f  1.77 bars/year ,  
and t h e  mean subsidence r a t e  i n  t h a t  l a y e r  was 0.36 m/year. Using a 
Waiora th ickness  o f  950 meters,  we o b t a i n :  

These measure- 

= 4.67 k i l o b a r s .  
4 

( K  + 3 "Waiora 

T h i s  v a l u e  i s  s m a l l e r  by a f a c t o r  o f  n i n e  than t h a t  based upon t h e  
smal l -sample l a b o r a t o r y  t e s t s  d iscussed above. T h i s  l a r g e  d iscrepancy 
i m p l i e s  t h a t ' e i t h e r  t h e  Waiora f o r m a t i o n  i n  t h e  r e g i o n  o f  maximum sub- 
s idence i s  much t h i c k e r  than t h a t  assumed i n  t h e  present  s i m u l a t i o n  o r  
t h a t  t h e  Waiora f o r m a t i o n  i s  i n t e n s e l y  f r a c t u r e d .  I n  v iew o f  our  ana- 
l y s i s  o f  t h e  Wairakei  p r o d u c t i o n  da ta  and a l s o  o f  a v a i l a b l e  g e o l o g i c  
da ta ,  we lean towards t h e  second o f  these exp lanat ions .  

So f a r  i t  has been assumed t h a t  t h e  rock  m a t r i x  responds t o  
changes i n  pore  pressure  as i f  i t  were a l i n e a r - e l a s t i c  m a t e r i a l  (con- 
s t a n t  e l a s t i c  modul i  K, p). There e x i s t s  s u b s t a n t i a l  ev idence which 
suggests t h a t  t h i s  assumption i s  r a t h e r  poor.  F i g u r e  7 ( f rom S t i l l w e l l ,  
e t  a l . ,  1975) i s  a map o f  t h e  Wairakei  f i e l d  showing bo th  t h e  areas o f  
p r i n c i p a l  p r o d u c t i o n  and o f  p r i n c i p a l  subsidence. W i t h i n  t h e  sub- 
s idence area and somewhat t o  t h e  south o f  t h e  c e n t e r  o f  t h e  r e g i o n  i s  
"Benchmark A-97". 
s idence h i s t o r i e s  f o r  Benchmark A-97  and measured pressure  drop  h i s t -  
o r i e s  a t  t h e  -150 m ( M . S . L . )  l e v e l  i n  t h e  r e s e r v o i r .  S t i l l w e l l ' s  da ta  
may be c r o s s - p l o t t e d  as shown i n  F i g u r e  8, which i l l u s t r a t e s  t h e  r e -  
s e r v o i r  p ressure  drop  as a f u n c t i o n  o f  t h e  downward movement o f  
Benchmark A-97.  The "dots" denote t i m e  - 1 January o f  t h e  year  i n -  
d i c a t e d  i n  each case. T h i s  p l o t  s t r o n g l y  suggests t h a t  n o n l i n e a r  
ground movement processes a r e  o p e r a t i n g  a t  Wairakei .  At e a r l y  t imes,  
t h e  s l o p e  o f  t h i s  (psuedo) s t r e s s - s t r a i n  curve  i s  36 bars/meter o f  
subsidence - a t  present ,  t h e  s l o p e  i s  2.4 bars/meter,  lower by a 
f a c t o r  o f  15. 

-- 

S t i l l w e l l ,  -- e t  a l . ,  (1975) presented b o t h  d e t a i l e d  sub- 

On t h e  b a s i s  o f  t h e  subsidence da ta  taken over  t h e  i n t e r v a l  1 
January 1964 - 1 January 1968, and t r e a t i n g  t h e  v a r i o u s  fo rmat ions  t o  
be homogeneous and l i n e a r  e l a s t i c ,  we o b t a i n e d  a mean v a l u e  o f  
(K  + 4v/3)waiora 2 4.67 kb, above. 
genera l  t r e n d  throughout  t h e  area o f  s u r f a c e  subsidence i s  q u a l i t a t i v e l y  
s i m i l a r  t o  t h e  behav io r  shown i n  F i g u r e  8, we can make more d e f i n i t e  
statements about t h e  behav io r  o f  t h e  r e s e r v o i r  rocks. Over t h e  t ime 
i n t e r v a l  1964-1967, F i g u r e  8 shows t h a t  t h e  average s lope o f  t h e  pressure  

I f  we make t h e  assumption t h a t  t h e  
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drop-subsidence curve  a t  Benchmark A-97 was 12 bars/meter:  a f a c t o r  o f  
t h r e e  lower than t h e  i n i t i a l  s l o p e  b u t  a f a c t o r  o f  f i v e  g r e a t e r  than 
t h e  c u r r e n t  s lope. T h i s  suggests t h a t ,  a t  e a r l y  t imes (19531, 

and t h a t ,  a t  l a t e  t imes (1975), 

%I (K  + 4'/3)Waiora % 0.9 k i l o b a r s .  

I t  i s  c o m f o r t i n g  t o  n o t e  t h a t  t h e  v a l u e  o f  14 k i l o b a r s  a t  e a r l y  t imes i s  
s u b s t a n t i a l l y  c l o s e r  t o  t h e  l a b o r a t o r y  v a l u e  than t h e  v a l u e  o f  4.67 kb 
f o r  t h e  p e r i o d  1964-1967 - i t  i s  l o w  by o n l y  a f a c t o r  o f  th ree .  The 
d i f f i c u l t y  i s ,  o f  course, t o  account for  t h e  spec tacu la r  decrease i n  
apparent e l a s t i c  modul i  w i t h  t ime. 

The apparent inc rease i n  r o c k  c o m p r e s s i b i l i t y  a t  Wairakei  w i t h  
t i m e  i s  t y p i c a l  o f  many r e s e r v o i r s  ( f o r  a case s tudy o f  an o i l / g a s  
r e s e r v o i r  see Mer le ,  -- e t  a l . ,  1976). 
response o f  t h e  r o c k  may be a s c r i b e d  t o  (1) s t r u c t u r a l  f a i l u r e  a t  
l a t e  t imes and/or (2) decrease i n  b u l k  modulus w i t h  an inc rease i n  
A ( P c - P f ) .  
t h e  pore  pressure .  I n i t i a l l y ,  t h e  r e s e r v o i r  rock  behaves i n  a l i n e a r -  
e l a s t i c  manner w i t h  K + 4p/3 % 14 kbars.  
we know t h a t  t h i s  model i s  p robab ly  adequate up t o  about 1963. A t  
about  t h a t  t ime, however, f a i l u r e  must have begun. Hence, i t  should 
be p o s s i b l e  t o  es t imate ,  based upon e l a s t i c a l l y - c a l c u l a t e d  1963 shear 
s t resses ,  t h e  y i e l d  s t r e n g t h  o f  t h e  rock.  Rock which has y i e l d e d  
should t h e r e a f t e r  be ass igned an e f f e c t i v e  incrementa l  shear modulus 
o f  zero.  The e l a s t i c a l l y - c a l c u l a t e d  1963 response would a l s o  enable 
us t o  e s t i m a t e  t h e  t h r e s h o l d  v a l u e  o f  A ( P c - P f )  a t  which t h e  b u l k  
modulus K s t a r t s  t o  decrease w i t h  i n c r e a s i n g  A ( P c - P f ) .  
dependence o f  K on A ( P c - P f )  would be, o f  course, determined by h i s t o r y -  
matching (see a l s o  Mer le ,  - e t  _ *  a1 9 1976 i n  t h i s  connect ion) .  

A n o n l i n e a r i t y  i n  t h e  mechanical 

Here, Pc i s  t h e  t o t a l  ( o r  "conf in ing" )  p ressure  and P f  i s  

From t h e  Benchmark A-97 data,  

The f u n c t i o n a l  

The f o r e g o i n g  d i s c u s s i o n  i l l u s t r a t e s  t h e  d i f f i c u l t i e s  assoc ia ted  
w i t h  match ing (and p r e d i c t i n g  f o r  t h e  f u t u r e )  t h e  subsidence h i s t o r y  a t  
Wairakei .  I t  i s  a l s o  w o r t h w h i l e  to  p o i n t  out t h e  i m p l i c a t i o n s  o f  o u r  
a n a l y s i s  o f  t h e  Wairakei  subsidence da ta  f o r  p r e d i c t i n g  subsidence i n  
a v i r g i n  geothermal f i e l d .  I f  f o r  example we a t tempt  t o  p r e d i c t  sub- 
s idence i n  t h e  S a l t o n  Sea f i e l d  due t o  some s p e c i f i e d  p r o d u c t i o n / i n -  
j e c t i o n  s t r a t e g y ,  we would n e c e s s a r i l y  have t o  use e l a s t i c  modul i  based 
on measurements o f  t h e  e a r l y - s t a t e  modul i  ( d e r i v e d  from seismic 
measurements, fo r  ins tance) .  i f ,  however, i n  r e a l i t y  t h e  e f f e c t i v e  
modul i  were t o  d e c l i n e  by a f a c t o r  on t h e  o r d e r  o f  15 d u r i n g  p r o d u c t i o n  
as they  d i d  a t  Wairakei ,  we would thereby d r a s t i c a l l y  underest imate 
t h e  subsidence hazard. C l e a r l y ,  i t  would be d e s i r a b l e  t o  determine 
t h e  a p p r o p r i a t e  long- term n o n l i n e a r  s t r e s s - s t r a i n  r e l a t i o n s  p r i o r  t o  
making such t h e o r e t i c a l  p r e d i c t i o n s .  
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A t  t h i s  t ime i t  i s  no t  c l e a r  how these ma te r ia l  parameters can 
be measured. Ne i ther  l abo ra to ry  t e s t s  on small core  samples nor pre- 
p roduc t ion  seismic measurements a r e  l i k e l y  t o  be o f  much help.  
I t  may be poss ib le  t o  o b t a i n  some guidance from the  ana lys i s  o f  geo- 
l o g i c a l ,  subsidence, and produc t ion  data f o r  geothermal and o i l / g a s  
rese rvo i r s  w i t h  w e l l  documented produc t ion  and subsidence h i s t o r i e s .  
Such an ana lys i s  may he lp  i n  i d e n t i f y i n g  the  mechanisms which cause 
the  non l inear  behavior. Some examples o f  such mechanisms are :  

1.  Geological  h i s t o r y  o f  the  f i e l d .  

2. Dewatering o f  in terspersed shales. 

3. Thermal e f f e c t s  on the  mechanical p roper t i es  o f  t he  rock.  

4. Chemical d i s s o l u t i o n  o f  i n te rg ranu la r  cementing minera ls  

5. Mechanical scour ing and weakening o f  the  m a t r i x  by 

by f resh  water recharge. 

f l u i d  motion. 

An understanding o f  these mechanisms, t o  the  ex ten t  necessary t o  assess 
t h e i r  r e l a t i v e  magnitudes, appears t o  be requ i red  be fore  dev i s ing  ex- 
per imental  procedures f o r  cha rac te r i z ing  rock response and making 
subsidence p r e d i c t i o n s  a t  a v i r g i n  geothermal f i e l d .  
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Figure 1. Map showing location of cross-section A-B, of length 5 lan, 
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Figure 4.  Comparison of calculated pressure d r o p  ( f i e ld  and borehole 36) h i s tor ies  w i t h  data. 
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