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A P r e l i m i n a r y  S i m u l a t i o n  of Land S u b s i d e n c e  

A t  t h e  W a i r a k e i  Geothermal  F i e l d  i n  New Zea land  
~ .-___ - -  
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U n i v e r s i t y  of  C a l i f o r n i a ,  
B e r k e l e y ,  C a l i f o r n i a  94720 

S e v e r a l  t y p e s  of g e o t h e r m a l  s y s t e m s  e x i s t  i n  n a t u r e  b u t  o n l y  hydro-  
t h e r m a l  c o n v e c t i v e  s y s t e m s  are  b e i n g  e x p l o i t e d  a t  t h e  p r e s e n t  t i m e  
b e c a u s e  of t h e i r  p r o x i m i t y  t o  t h e  e a r t h ' s  s u r f a c e  and t h e i r  a m e n a b i l i t y  
t o  u t i l i z a t i o n .  Among t h e  g e o t h e r m a l  s y s t e m s  d i s c o v e r e d  t o  d a t e ,  h o t  
w a t e r  s y s t e m s  are  p e r h a p s  twenty  t i m e s  as common as v a p o r  dominated 
s y s t e m s  ( M u f f l e r  and Whi te ,  1972) .  S i n c e  t h e  e n e r g y  c o n t e n t s  of l i q u i d  
w a t e r  is r e l a t i v e l y  l ess  t h a n  t h a t  of p u r e  steam, c o m p a r a t i v e l y  l a r g e  
volumes of g e o t h e r m a l  l i q u i d s  have  t o  b e  produced f o r  economic h e a t  
e x t r a c t i o n .  Such l a r g e  sca le  p r o d u c t i o n  of g e o t h e r m a l  f l u i d s  s h o u l d  
g e n e r a l l y  be e x p e c t e d  t o  c a u s e  s i g n i f i c a n t  r e d u c t i o n s  i n  p o r e  f l u i d  
p r e s s u r e s  l e a d i n g  t o  a p p r e c i a b l e  r o c k  d e f o r m a t i o n s  and d i s p l a c e m e n t  a t  
o r  n e a r  t h e  ground s u r f a c e .  T h i s  phenomenon h a s  a l r e a d y  b e e n  o b s e r v e d  
o v e r  t h e  W a i r a k e i  and B r o a d l a n d s  g e o t h e r m a l  f i e l d s  of New Zea land  
( S t i l w e l l ,  e t  a l . ,  1975 and Otway 1 9 7 6 ) .  S i n c e  ground d i s p l a c e m e n t s  may 
a f f e c t  e n g i n e e r i n g  s t r u c t u r e s  r e l a t e d  o r  u n r e l a t e d  t o  t h e  o p e r a t i o n  of 
t h e  g e o t h e r m a l  f i e l d ,  i t  i s  i m p o r t a n t  t o  be  a b l e  t o  p r e d i c t  t h e  p a t t e r n  
and magni tude  of t h e  d e f o r m a t i o n s  t h a t  may r e s u l t  f rom f l u i d  p r o d u c t i o n  
s o  t h a t  a p p r o p r i a t e  a m e l i o r a t i v e  a c t i o n s  c o u l d  be  t a k e n  i n  advance.  

T h e r e  are two f u n d a m e n t a l  p r o c e s s e s  which d e t e r m i n e  l a n d  d i s p l a c e -  
ments  due  t o  f l u i d  w i t h d r a w a l  from underground s y s t e m s .  The f i r s t  i s  t h e  
d e f o r m a t i o n  of t h e  r e s e r v o i r  ( d e f i n e d  as t h e  r e g i o n  which re leases  f l u i d  
from s t o r a g e  t o  compensate  f o r  t h e  f l u i d  b e i n g  wi thdrawn;  e . g . ,  a q u i f e r s  
and a q u i t a r d s )  due t o  i n t e r n a l l y  g e n e r a t e d  stresses r e s u l t i n g  from 
changes  i n  p o r e  f l u i d  p r e s s u r e s  i n d u c e d  by f l u i d  w i t h d r a w a l .  The s e c o n d  
i s  t h e  p r o p a g a t i o n  of  t h e  d e f o r m a t i o n  t h r o u g h  t h e  o v e r b u r d e n  t o  t h e  ground 
s u r f a c e .  Overburden i s  d e f i n e d  as t h e  r e g i o n  which d o e s  n o t  release f l u i d  
from s t o r a g e  t o  compensate  f o r  t h e  f l u i d  withdrawn.  It i n c l u d e s  a l l  
ma te r i a l  i n t e r v e n i n g  be tween t h e  t o p  of t h e  r e s e r v o i r  s y s t e m  and t h e  l a n d  
s u r f a c e .  The e x a c t  boundary be tween t h e  r e s e r v o i r  and t h e  o v e r b u r d e n  may 
b e  t i m e  dependent  and d i f f i c u l t  t o  d e f i n e ,  y e t  f rom a c o m p u t a t i o n a l  s t a n d -  
p o i n t  t h i s  a m b i g u i t y  i n  i t s  l o c a t i o n  may n o t  be  t o o  c r i t i c a l .  

A most g e n e r a l  a p p r o a c h  t o  model ing l a n d  s u b s i d e n c e  due  t o  f l u i d  
w i t h d r a w a l  i s  t o  t r e a t  t h e  e n t i r e  r e g i o n  i n c l u d i n g  t h e  r e s e r v o i r  and t h e  
o v e r b u r d e n  as t h e  t o t a l  s y s t e m .  W i t h i n  t h i s  s y s t e m  t h e  f l u i d  f l o w  equa- 
t i o n  and t h e  s t r e s s - d e f o r m a t i o n  e q u a t i o n  would b e  s i m u l t a n e o u s l y  s o l v e d  
w i t h  a p p r o p r i a t e  c o u p l i n g  be tween them. The s t r e s s - d e f o r m a t i o n  w i l l ,  i n  
g e n e r a l ,  b e  t h r e e  d i m e n s i o n a l ,  w i t h  mater ia l  p r o p e r t i e s  b e i n g  e l a s t i c  o r  
n o n - e l a s t i c  i n  n a t u r e .  I n  r e g a r d  t o  g e o t h e r m a l  s u b s i d e n c e ,  i n  as much as 
v e r y  l i m i t e d  f i e l d  d a t a  i s  c u r r e n t l y  a v a i l a b l e ,  t h e  a f o r e s a i d  g e n e r a l i z e d  
a p p r o a c h  a p p e a r s  t o  b e  t o o  s o p h i s t i c a t e d  and e l a b o r a t e  t o  j u s t i f y  t h e  
e f f o r t s  i n v o l v e d  i n  t h e i r  i m p l e m e n t a t i o n .  Under t h e  c i r c u m s t a n c e s ,  
a l t e r n a t i v e  s i m p l i f i e d  a p p r o a c h e s  a p p e a r  d e s i r a b l e .  
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One such  s i m p l i f i e d  a p p r o a c h  i s  t o  ( a )  decoup le  t h e  r e s e r v o i r  and 
t h e  ove rburden  and  ( b )  t o  c o n s i d e r  o n l y  v e r t i c a l  d e f o r m a t i o n  i n  t h e  
r e s e r v o i r .  I n  t h i s  c o n t e x t ,  t h e  r e s e r v o i r  i s  t a k e n  t o  i n c l u d e  t h e  h i g h l y  
permeable  zones  a s  well as t h e  l ess  permeable  bu t  r e l a t i v e l y  n o r e  compres- 
s i b l e  zones  which  h o l d  s i g n i f i c a n t  q u a n t i t i e s  of  f l u i d  i n  a v a i l a b l e  
s t o r a g e .  I n  c o n t r a s t  t o  t h i s ,  t h e  ove rburden  i s  t h e  zone which deforms 
w i t h o u t  f l u i d  release i n  r e s p o n s e  t o  d e f o r m a t i o n  of t h e  r e s e r v o i r .  The 
d e c o u p l i n g  concep t  t a c i t l y  assumes t h a t  t h e  ove rburden  d e f o r m a t i o n  d o e s  
n o t  i n d u c e  any  a p p r e c i a b l e  s t ress  changes  i n  t he  r e s e r v o i r .  The one 
d i a e n s i o n a l  c o n s o l i d a t i o n  a s s u m p t i o n  w i l l  be e s p e c i a l l y  r e a l i s t i c  i n  t h o s e  
sys t ems  i n  which t h e  h i g h l y  pe rmeab le ,  p roduc ing  l a y e r s  of  t h e  r e s e r v o i r  
are  more r i g i d  than t h e  l ess  permeable  f i n e  g r a i n e d  l a y e r s  which p r i m a r i l y  1 

conduc t  water in t h e  v e r t i c a l  d i r e c t i o n  t o  t h e  p roduc ing  l a y e r s .  

R e s u l t s  p r e s e n t e d  i n  t h i s  p a p e r  p e r t a i n  s o l e l y  t o  r e s e r v o i r  
d e f o r m a t i o n  a c c o r d i n g  t o  t h e  one-d imens iona l  c o n s o l i d a t i o n  t h e o r y .  It 
i s  assutned t h a t  t h e  v e r t i c a l  d i s p l a c e m e n t s  o b t a i n e d  a t  t h e  i n t e r f a c e  of  
t h e  r e s e r v o i r  and ove rburden  a re  c o m p l e t e l y  t r a n s m i t t e d  t o  t h e  ground 
s u r f a c e .  The r e s e r v o i r  s i m u l a t o r ,  which  combines a t h r e e  d i m e n s i o n a l  
f l o w  f i e l d  w i t h  one d i m e n s i o n a l  d e f o r m a t i o n  i s  d i s c u s s e d  e l s e w h e r e  by 
Narasiriihan and  Wi the r spoon  (1976) .  The pu rpose  of  the p r e s e n t  s t u d y  h a s  
been  t o  make a p r e l i m i n a r y  s t u d y  o f  t h e  ground s u b s i d e n c e  obse rved  o v e r  
t h e  g e o t h e r m a l  f i e l d  a t  I J a i r a k e i ,  N e w  Zea land  and t o  f i n d  whether t h e  
f i e l d  o b s e r v a t i o n s  c a n  be  r e a s o n a b l y  e x p l a i n e d  i n  terms of  t h e  w e l l  known 
g e o t e c h n i c a l  p r i n c i p l e s  of  c o n s o l i d a t i o n .  A s  t h e  s t u d y  i s  p r e l i m i n a r y  i n  
n a t u r e ,  t h e  g e o t h e r m a l  s y s t e m  h a s  been  t r e a t e d  as a n  i s o t h e r m a l ,  l i q u i d  
system. 

The geo logy  of t h e  V a i r a k e i  f i e l d  h a s  been  d i s c u s s e d  by G r i n d l e y  
(19651,  Healy (1965)  and Grange ( 1 9 3 7 ) ;  r e s e r v o i r  e n g i n e e r i n g  d a t a  h a s  
been compi led  by P r i t c h e t t  e t  a l .  ( 1 9 7 8 ) .  
a t  I J a i r a k e i  i s  shown i n  F i g u r e  1. It c a n  be  no ted  t h a t  t h e  s u b s i d e n c e  
bowl i s  o f f s e t  f rom the  main p r o d u c t i o n  a r e a .  T h i s  s u b s i d e n c e  p a t t e r n  i s  
p o s s i b l e  i f  t h e  Huka F a l l s  f o r m a t i o n  ( a  r e l a t i v e l y  more c o m p r e s s i b l e  
l a y e r )  i s  t h i c k e r  i n  t h a t  r e g i o n  o r  a l t e r n a t i v e l y  t h e  c o m p r e s s i b i l i t y  of  
t h e  fo r rna t ion  i n  t h e  h i g h l y  s u b s i d e d  zone  i s  g r e a t e r  t h a n  i n  o t h e r  areas. 
I n  o u r  i d e a l i z e d  model ,  w e  a r e  u s i n g  t he  f i r s t  app roach  w i t h  a r e a s o n a b l e  
c o r n p r e s s i b l i t y  v a l u e  of  t h e  Huka F a l l s  f o r m a t i o n .  A p l o t  of  r e s e r v o i r  
p r e s s u r e  d r o p  v e r s u s  s u b s i d e n c e  a t  benchmark A97 ( F i g u r e  1 )  i s  shown i n  
F i g u r e  2. It  c a n  be no ted  t h a t  t h e  d r o p  i n  t h e  r e s e r v o i r  p r e s s u r e  i s  
l i n e a r l y  p r o p o r t i o n a l  t o  s u b s i d e n c e  d u r i n g  e a r l y  p r o d u c t i o n  times. 
However, i n  l a t e r  p e r i o d s ,  r e s e r v o i r  p r e s s u r e  seems t o  s t a b i l i z e  w h i l e  
s u b s i d e n c e  c o n t i n u e s .  Such a b e h a v i o r  c o u l d  be e x p l a i n e d  i f  one assumes  
t h a t  t h e  deforming  n a t e r i a l  p a s s e s  f rom a s t a t e  of  p r e c o n s o l i d a t i o n  t o  one 
o f  normal  c o n s o l i d a t i o n .  Our p r e l i a i n a r y  model ,  t h e n ,  s t u d i e s  t h e  e f f e c t  
o f  h e t e r o g e n e i t y  and  p l a s t i c i t y  o n  t h e  s u b s i d e n c e  phenonemon. 

The t o t a l  s u b s i d e n c e  o b s e r v e d  

For  pu rposes  of  s i m u l a t i o n  w e  c a n  i d e a l i z e  t h e  sys tem a s  c o n s i s t i n g  
o f  t h e  N a i o r a  a q u i f e r  and t h e  o v e r l y i n g  Huka F a l l s  (mudstone)  a q u i t a r d .  
A Pumice ove rburden  e x t e n d s  from t h e  t o p  of  t h e  Huka F a l l s  t o  t h e  ground 
s u r f a c e .  T h i s  i d e a l i z e d  model i s  shown i n  F i g u r e  3. The t h i c k n e s s  of  
t h e  o v e r b u r d e n  ( h o l o c e n e  Pumice and V a i r a k e i  B r e c c i a )  i s  assumed t o  be 
200 ineters ( T a o l e  5 .1 ,  p. 30, P r i t c h e t t  e t  a l .  1378). The d e p t h  o f  t h e  
r e s e r v o i r ,  i n c l u d i n g  Huka F a l l s  fo r rna t ion ,  i s  assumed t o  be 400 meters. 
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The maximum t h i c k n e s s  of t h e  Huka F a l l s  f o r m a t i o n  i s  assumed t o  be 200 
meters n e a r  t h e  zone of m a x i m u m  s u b s i d e n c e  ( F i g u r e  5.21, p .  52,  P r i t c h e t t  
e t  a l .  1 9 7 8 ) .  The r e s e r v o i r  i s  d i v i d e d  i n t o  s i x  l a y e r s .  The l o w e s t  
l a y e r  which i s  200 meters t h i c k  c a r r i e s  100- l eve l  nodes .  (By 1 0 0 - l e v e l  
nodes  w e  mean t h a t  t h e  nodes  i n  t h i s  l a y e r  are  i d e n t i f i e d  by numbers 
r a n g i n g  from 100 - 199.) The o t h e r  f i v e  l a y e r s ,  e a c h  40 meters t h i c k ,  l i e  
o v e r  t h i s  l a y e r  and c a r r y  200-300-400-500- and 6 0 0 - l e v e l  nodes .  F i g u r e  4 
shows t h e  numbers a s s i g n e d  t o  t h e  1 0 0 - l e v e l  nodes .  In t h i s  t h r e e  d i g i t  
s y s t e m ,  f i r s t  d i g i t  r e p r e s e n t s  t h e  l eve l  w h i l e  t h e  number of  node i s  
r e p r e s e n t e d  by t h e  o t h e r  two. Thus t h e  node 618 l i e s  i n  t h e  6 0 0 - l e v e l  
l a y e r  and is v e r t i c a l l y  above  t h e  nodes  118, 218, 318, 418 and 518. In 
h o r i z o n t a l  p l a n e  i t s  s h a p e  i s  e x a c t l y  same as t h a t  of t h e  node 118 
( F i g u r e  4 ) .  The s i d e s  AB and  AC a re  e a c h  ex tended  t o  19.2 km and 27.15 
km r e s p e c t i v e l y  w i t h  l a r g e  s i z e  nodes  t o  r e p r e s e n t  fa r  away zones  from 
t h e  p r o d u c t i o n  area.  

To model s u b s i d e n c e ,  we have  used  a n  i d e a l i z e d  g r a d e d  t h i c k n e s s  of 
t h e  Huka F a l l s  f o r m a t i o n  of 40 m, 80m, 120 m ,  160 m, and 200 meters (F ig -  
u r e  4 ) .  The maximum t h i c k n e s s  of 200 meters o v e r  t h e  nodes  138, 145 and 
146 c o r r e s p o n d s  t o  t h e  area of maximum s u b s i d e n c e  ( F i g u r e  1 ) .  Node 107 
i s  modeled as a p r o d u c t i o n  zone ,  i n d i c a t i v e  of t h e  area of maximum d i s -  
c h a r g e  i n  F i g u r e  1. To o f f s e t  t h e  s u b s i d e n c e  bowl from t h e  main produc- 
t i o n  area,  t h e  t h i c k n e s s  of t h e  ove rburden  i s  i n c r e a s e d  t o  360 meters 
o v e r  t h e  nodes  207 t o  216. R e s t  of t h e  volume e l e m e n t s  r e p r e s e n t  t h e  
Wairora  f o r m a t i o n .  Impermeable boundary  c o n d i t i o n s  are imposed on t h e  
s i d e s  AB and  AC. An i n i t i a l  p o t e n t i a l  of 600 meters of water i s  s p e c i f i e d  
everywhere  i n  t h e  sys t em.  Material p r o p e r t i e s  used i n  t h e  model are  
f o l l o w s  : 

Huka F a l l s  Fo rma t ion  
P e m e a b i l i t y  = m2 ( M e r c e r - e t  a l .  1975) 
C o e f f i c i e n t  of c o m p r e s s i b i l i t y  f o r  v i r g i n  c u r v e  

C o e f f i c i e n t  of C o m p r e s s i b i l i t y  f o r  s w e l l i n g  c u r v e  
(a,) = 5 ~ 1 0 - ~  m 2 / N  

(+s)  = 5x10-9 m 2 / N  

Waiora Forma t ion  
P e r m e a b i l i t y  = 8.5  x m2 
C o e f f i c i e n t  of c o m p r e s s i b i l i t y  f o r  v i r g i n  as w e l l  as s w e l l i n g  

R e l a t i v e  d e n s i t y  of t h e  s a t u r a t e d  s o i l  = 2. 
c u r v e  (av = avs) = 10-10 m2/pJ 

T h i s  model a l s o  assumes t h a t  t h e  s o i l  is p r e c o n s o l i d a t e d .  The p r e -  
c o n s o l i d a t i o n  p r e s s u r e  o v e r  and above  h y d r o s t a t i c  p r e s s u r e  is abou t  
225 meters of water.  The p r o p e r t i e s  used  f o r  t h e  l i q u i d  a re :  

V i s c o s i t y  = 0.2  c e n t i p o i s e ,  
D e n s i t y  = 940 k g / n 3 ,  
C o m p r e s s i b i l i t y  = 4.9 x lO- lo ,  m2/N. 

T o t a l  mass p r o d u c t i o n  f o r  t h e  \ J a i r a k e i / T a u h a r a  sys t em as of December 
31, 1976 w a s  2329 x l o 9  l b s  ( P r i t c h e t t ,  e t  a l .  1978) .  T h i s  m o u n t s  t o  
a n  a v e r a g e  v o l u m e t r i c  p r o d u c t i o n  r a t e  of a b o u t  1.48 m3/sec. S ince  ou r  
t r i a n g l u l a r  model ( F i g u r e  4 )  c o n s i d e r s  o n l y  one -e igh th  of t h e  t o t a l  area,  
t h e  p r o d u c t i o n  r a t e  is  c o r r e s p o n d i n g l y  r educed  t o  a b o u t  .185 m3/sec.  It 
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c a n  b e  n o t e d  t h a t  t h i s  ra te  a p p l i e s  t o  b o t h  Wai rake i  and Tauhara  f i e l d s .  
To c o n s i d e r  o n l y  t h e  area of m a x i m u m  d i s c h a r g e  ( F i g u r e  l), t h i s  amount 
s h o u l d  sonewhat b e  r educed .  I n  t h i s  s t u d y  we have  c o n s i d e r e d  a n  a v e r a g e  
p r o d u c t i o n  r a t e  of .1 m3/sec.  T h i s  amount i s  produced  from t h e  node 107 
a t  t h e  d e p t h  of 500 meters. 

Subs idence  produced  unde r  a f o r e m e n t i o n e d  c o n d i t i o n s  is shown i n  Fig- 
u r e  5. A compar i son  w i t h  F i g u r e  1 shows t h a t  t h e  r e s u l t s  are q u a l i t a t i v e l y  
s i m i l a r .  Measured and c a l c u l a t e d  r e s e r v o i r  p r e s s u r e  d r o p  v s .  s u b s i d e n c e  
a t  t h e  bench mark A97 and node  142 are  shown i n  F i g u r e  6. A q u a l i t a t i v e l y  
s i m i l a r  p a t t e r n  i s  s e e n  f o r  t h e  p r e c o n s o l i d a t e d  s o i l .  T h i s  f i g u r e  a l s o  
shows t h e  b e h a v i o r  of t h e  n o r m a l l y  c o n s o l i d a t e d  s o i l  which i s  q u i t e  
d i f f e r e n t  t o  t h a t  of t h e  p r e c o n s o l i d a t e d  s o i l .  

I n  summary, w e  deve loped  and t e s t e d  a p r e l i m i n a r y  model t o  e x p l a i n  
s u b s i d e n c e  i n  t h e  W a i r a k e i  f i e l d  and o b t a i n e d  r e s u l t s  which are  q u a l i t -  
a t i v e l y  similar t o  t h o s e  measured  a t  t h e  s i t e .  The e f f e c t  of p r e c o n s o l i -  
d a t i o n  stresses seems t o  b e  i m p o r t a n t  t o  e x p l a i n  t h e  changing  s l o p e  of t h e  
r e s e r v o i r  p r e s s u r e - s u b s i d e n c e  r e l a t i o n s h i p  shown i n  F i g u r e  2. 
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Figure 3. An idealized three-dimensional subsidence 
model of the Nairakei geothermal system. 
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Figure 4 .  T h e  thicknesses of the Hukn Falls formation and the 

node numbers used  in t h e  model. 
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Fi . gu re  5 .  S u b s i d e n c e  c o n t o u r s  i n  meters 
a f t e r  2 1  y e a r s  o f  p r o d u c t i o n .  
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F i g u r e  6 .  A compar i son  of t h e  measured  s u b s i d e n c e  xBL7911-13408  
w i t h  t h a t  c a l c u l a t e d  a t  t h e  node 1 4 2 .  
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