
A Prel iminary Simulation of Land Subsidence 

U 

3 

1: 

c 

A t  t h e  Wairakei Geothermal F ie ld  i n  New Zealand 

T. N. Narasimhan and K.P. Goyal 

Earth Sciences Div is ion  
Lawrence Berkeley Laboratory 

Univers i ty  of Ca l i fo rn ia ,  
Berkeley, Ca l i fo rn ia  94720 

Severa l  types  of .geothermal systems e x i s t  i n  n a t u r e  b u t  on ly  hydro- 
thermal convec t ive  systems are being explo i ted  a t  t h e  p re sen t  t i m e  
because of t h e i r  proximity t o  t h e  e a r t h ' s  su r f ace  and t h e i r  amenabi l i ty  
t o  u t i l i z a t i o n .  Among t h e  geothermal systems discovered t o  d a t e ,  h o t  
water systems are perhaps twenty times as common as vapor dominated 
systems (Muffler and White, 1972). In  genera l ,  l a r g e  volumes of geo- 

Such l a r g e  
scale product ion of geothermal f l u i d s  should g e n e r a l l y  b e  expected t o  
cause s i g n i f i c a n t  reduct ions  i n  pore  f l u i d  p re s su res  l ead ing  t o  appre- 
c i a b l e  rock deformations and displacement a t  o r  near ,  t h e  ground su r face .  
This phenomenon has  a l r eady  been observed over t h e  Wairakei and Broad- 
lands geothermal f i e l d s  of New Zealand ( S t i l w e l l ,  e t  a l . ,  1975 and O t -  
way, 1976). Since  ground displacements  may , a f f e c t  engineer ing s t r u c -  
t u r e s  r e l a t e d  o r  un re l a t ed  t o  t h e  ope ra t ion  of t h e  geothermal f i e l d ,  
i t  is important  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 magnitude of 
t h e  deformations t h a t  may r e s i i l t  from f l u i d  product ion so t h a t  appro- 
p r i a t e  ame l io ra t ive  a c t i o n s  may be  taken i n  advance. 

' thermal l i q u i d s  are produced f o r  economic h e a t  e x t r a c t i o n .  

There are two fundamental processes  which determine land  d i sp lace -  
ments due t o  f l u i d  withdrawal from underground systems. 
deformation of t h e  r e s e r v o i r  ( d e f i  ed as t h e  reg ion  which releases 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from s t o r a g e  t o  compensate f o r  t h e  f l u i d  being withdrawn; e.g., a q u i f e r s  
and aqu i t a rds )  due t o  i n t e r n a l l y  genera ted  stresses r e s u l t i n g  from 
changes i n  pore  f l u i d  pressures  induced by f l u i d  withdrawal.  The second 
i s  t h e  propagat ion of t h e  deformation through t h e  overburden t o  t h e  ground 
sur face .  Overburden is  def ined  as t h e  reg ion  which does no t  release f l u i d  
from s t o r a g e  t o  compensate f r t h e  f l u i d  withdrawn. It inc ludes  a l l  
material i n t e rven ing  between t h e  top  of t h e  r e s e r v o i r  system and the land  
s u r f a c e -  The exac t  boundary between t h e  r e s e r v o i r  and t h e  overburden may 
be t i m e  dependent and d i f f i c u l t  t o  de f ine ,  y e t  from a computational s tand-  
po in t  t h i s  -anbi  too criti'cal. 

The first is  t h e  

ubsidence due t o  f l u i d  . 
withdrawal is t o  t cluding t h e  r e s e r v o i r  and t h e  
overburden as t h e  s system t h e  f l u i d  flow equa- 
t i o n  and t h e  stres 
wi th  appropr i a t e  coupling between them. The s t ress-deformation w i l l ,  i n  

b e  t h r e e  dimensional,  w i th  material p r o p e r t i e s  being e las t ic  o r  

uld be s imultaneously solved 

t i c  i n  na ture .  In  regard t o  geothermal subsidence,  i n  as much as 
very  l i m i t e d  f i e l d  d a t a  is 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  gene ra l i zed  
approach appears  t o  be too 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  involved i n  t h e i r  implementation. Under t h e  circumstances,  
a l t e r n a t i v e  s i m p l i f i e d  approaches appear des i r ab le .  
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One such s i m p l i f i e d  approach i s  t o  (a) decouple t h e  r e s e r v o i r  and 

I n  t h i s  con tex t ,  t h e  r e s e r v o i r  i s  taken t o  inc lude  t h e  h igh ly  
t h e  overburden and (b) t o  cons ide r  only v e r t i c a l  deformation i n  the 
r e se rvo i r .  
permeable zones as w e l l  as t h e  less permeable but  r e l a t i v e l y  more compres- 
s i b l e  zones which hold 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 torage .  I n  c o n t r a s t  t o  t h i s ,  t h e  overburden is t he  zone which deforms 
without  f l u i d  release i n  response t o  deformation of t h e  r e s e r v o i r .  The 
decoupl ing concept t a c i t l y  assumes t h a t  t h e  overburden deformation does  
no t  induce any a p p r e c i a b l e  stress changes i n  t h e  r e s e r v o i r .  
d imensional  conso l ida t ion  assumption w i l l  be e s p e c i a l l y  real is t ic  i n  those  
sys t ems  i n  which t h e  h ighly  permeable, producing 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  less permeable f i n e  grained l a y e r s  which p r i m a r i l y  
conduct water i n  t h e  v e r t i c a l  d i r e c t i o n  t o  the  producing l aye r s .  

The one 

R e s u l t s  presented  i n  t h i s  paper p e r t a i n  s o l e l y  t o  r e s e r v o i r  
deformation according t o  t h e  one-dimensional c a n s o l i d a t i o n  theory.  
i s  assumed t h a t  t h e  v e r t i c a l  displacements  obtained 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 overburden are completely t r ansmi t t ed  t o  t h e  ground 
sur face .  The r e s e r v o i r  s imula tor ,  which combines a t h r e e  dimensional  
flow f i e l d  wi th  one dimensional  deformation i s  d iscussed  elsewhere .by 
Narasimhan and Witherspoon (1976). 
been t o  make a pre l imina ry  s tudy  of the ground subsidence observed over  
t h e  geothermal f i e l d  a t  Wairakei,  New Zealand and t o  f i n d  whether the 
f i e l d  obse rva t ions  can  be reasonably explained i n  terms of t h e  w e l l  known 
geo techn ica l  p r i n c i p l e s  of consol ida t ion .  As t h e  s tudy  i s  p re l imina ry  i n  
na tu re ,  t h e  geothermal system has  been t r e a t e d  as an  i so thermal ,  l i q u i d  
system. 

It 

The purpose of t h e  p r e s e n t  s tudy  has 

The geology of t h e  Wairakei f i e l d  has  been d iscussed  by Gr indley  
(19651, Healy (1965) and Grange (1937); r e s e r v o i r  engineer ing  d a t a  has 
been compiled by P r i t c h e t t  e t  a l .  (1978). The t o t a l  subsidence observed 
a t  Wairakei i s  shown i n  F igure  1. It can  be noted t h a t  t h e  subs idence  
bowl i s  o f f s e t  from the main product ion area. 
p o s s i b l e  i f  t h e  Huka F a l l s  format ion  (a r e l a t i v e l y  more compressible  
l a y e r )  i s  t h i c k e r  i n  t h a t  r eg ion  o r  a l t e r n a t i v e l y  the c o m p r e s s i b i l i t y  of  
t h e  formation i n  t h e  h ighly  subsided zone i s  g r e a t e r  t han  
I n  our  i d e a l i z e d  model, we are us ing  t h e  f i r s t  approach w i t h  a r easonab le  
compress ib l i t y  va lue  of t h e  Huka F a l l s  formation. 
p re s su re  drop  versus  subsidence a t  benchmark A97 (F igure  1) i s  shown i n  
F igure  2. 
l i n e a r l y  p ropor t iona l  t o  subsidence during early product ion t i m e s .  
However, i n  later pe r iods ,  r e s e r v o i r  p re s su re  seems t o  s t a b i l i z e  wh i l e  
subsidence cont inues.  
t h a t  t h e  deforming material pas ses  from a s ta te  of p reconso l ida t ion  t o  one 
of normal conso l ida t ion .  Our pre l iminary  model, then,  s t u d i e s  t h e  e f f e c t  
of he t e rogene i ty  and p l a s t i c i t y  on t h e  subsidence phenonemon. 

This  subsidence p a t t e r n  i s  

i n  o t h e r  areas. 

A p l o t  of  r e s e r v o i r  

It can be noted t h a t  t h e  drop i n  t h e  r e s e r v o i r  p re s su re  i s  

Such a behavior  could be expla ined  i f  one assumes 

For purposes of s imula t ion  w e  can i d e a l i z e  t h e  system as c o n s i s t i n g  
of t h e  Waiora a q u i f e r  and t h e  over ly ing  Huka F a l l s  (mudstone) a q u i t a r d .  
A Pumice overburden ex tends  from t h e  t o p  of t he  Huka F a l l s  ' to  t h e  ground 
sur face .  The th i ckness  of  
t he  overburden (holocene Pumice and Wairakei Breccia) i s  assumed t o  be 
200 meters (Table  5.1, p. 30, P r i t c h e t t  e t  al .  1978). The depth  of  the 
r e s e r v o i r ,  inc luding  Huka F a l l s  formation,  i s  assumed t o  be 400 meters. 

Th i s  i d e a l i z e d  model i s  shown i n  F igure  3. 
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The m a x i m u m  th ickness  of t h e  Huka F a l l s  formation is assumed t o  be 200 
meters near  t h e  zone of m a x i m u m  subsidence (Figure 5.21, p. 52, P r i t c h e t t  
et  a l .  1978). The r e s e r v o i r  is  divided i n t o  six l aye r s .  The lowest 
l a y e r  which is 200 meters t h i c k  carries 100-level nodes. (By 100-level 
nodes we 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 
ranging from 100 - 199.) 
over t h i s  l a y e r  and c a r r y  200-300-400-500- and 600-level nodes. 
shows t h e  numbers assigned t o  t h e  100-level nodese In  t h i s  t h ree  d i g i t  
system, f i r s t  d i g i t  r ep resen t s  t he  level while t h e  number of node is 
represented by t h e  o the r  two. Thus t h e  node 618 l i e s  i n  t h e  600-level 
l a y e r  and is v e r t i c a l l y  above the  nodes 118, 218, 318, 418 and 518. In t h e  
ho r i zon ta l  plane it shape is exac t ly  same as t h a t  of t he  node 118 
(Figure 4). The s i  s AB and AC are each extended t o  19.2 km and 27.15 
km r e spec t ive ly  wi th  l a r g e  s i z e  nodes t o  represent  f a r  away zones from 
t h e  production area. 

The o ther  f i v e  l a y e r s ,  each 40 meters th i ck ,  l i e  
Figure 4 

To model subsidence,  we have used an idea l ized  graded thickness  of 
t h e  Huka F a l l s  formation of 40 m, 80m, 120 m,  160 m, and 200 meters (Fig- 
ure  4). The m a x i m u m  th ickness  of 200 meters over t h e  nodes 138, 145 and 
146 corresponds t o  t h e  area of maximum subsidence (Figure 1). Node 107 
is modeled as a production zone, i n d i c a t i v e  of t he  area of m a x i m u m  d i s -  
charge i n  Figure 1. 
t i o n  area, t h e  th ickness  of t h e  overburden is  increased t o  360 meters 
over t h e  nodes 207 t o  216. Rest of t h e  volume elements represent  t he  
Wairora formation. Impermeable boundary condi t ions  are imposed on t h e  
s i d e s  AB and AC. 
everywhere i n  t h e  system. 
f 0 l lows : 

To o f f s e t  the  subsidence bowl from the  main produc- 

An i n i t i a l  p o t e n t i a l  of 600 meters of water is s p e c i f i e d  
Material p rope r t i e s  used i n  t h e  model are 

. 

4 

a 

Huka F a l l s  Formation 
Pemeabili ty = 10-14 m2 (Mercer-et a l .  1975) 
Coef f i c i en t  of compress ib i l i ty  f o r  v i r g i n  curve 

Coeff ic ien t  of compress ib i l i ty  f o r  swel l ing curve 
(a,,) = 5 ~ 1 0 ' ~  m2/N 

(+s) = 5x10'9 m2/N 

Permeabi l i ty  = 8.5 
f i c i e n t  of Compressibi l i ty  g i n  as w e l l  as swelling 
curv'e (% = avs) = m2/N 

a t ive dens i ty  of t he  s a t u r a t e d  s o i l  = 2. 

t h  is preconsolidated.  The pre- 
consol ida t ion  pressure  over and above hydros t a t i c  pressure  is about 

c 225 meters of water. t h e  l i q u i d  are: 
Viscos i ty  = 0.2 
Density = 940 k 
Compressibi l i ty  

4? Tota l  mass prod 

* 

I 

31, 1976 was 2329 x 109 lbs ( P r i t c h e t t ,  e t  a l .  1978). 
an average volumetr ic  product isn rate of about 1.48 m3/sec. 
t r i a n g u l a r  nodel (Figure 4) cons iders  only one-eighth of the t o t a l  area, 

the  production rate is correspondingly reduced t o  about -185 m3/sec. 

This mounts  t o  
Since our 

It 
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can be noted t h a t  t h i s  rate a p p l i e s  t o  hoth Wairakei and Tauhara f i e l d s .  
To cons ider  only t h e  area of m a x i m u m  d ischarge  (Figure 1), t h i s  amount 
should somewhat be  reduced. I n  t h i s  s tudy we have considered an  average 
product ion rate of -1 m3/sec. This amount is produced from t h e  node 107 
a t  t h e  depth of 500 meters. 

Subsidence produced under aforementioned cond i t ions  is shown i n  Fig- 
u r e  5. A comparison wi th  F igure  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  
similar. Measured and c a l c u l a t e d  r e s e r v o i r  pressure  drop vs. subsidence 
a t  t h e  bench mark A97 and node 142 are shown i n  F igure  6. A q u a l i t a t i v e l y  
similar p a t t e r n  is seen  f o r  t h e  preconsol idated s o i l .  This f i g u r e  a l s o  
shows t h e  behavior  of t h e  normally consol idated s o i l  which is  q u i t e  
d i f f e r e n t  from t h a t  of t h e  preconsol idated s o i l .  

I n  summary, we developed and t e s t e d  a pre l iminary  model t o  e x p l a i n  
subsidence i n  t h e  Wairakei f i e l d  and obtained 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  those  measured a t  t h e  site. The e f f e c t  of preconsol i -  
da t ion  stresses seems t o  be important t o  expla in  t h e  changing s lope  of t h e  
r e s e r v o i r  pressure-subsidence r e l a t i o n s h i p  shown i n  F igure  2. 
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Figure 1. Total subsidence contours at  0 

XBL7SI 1-13203 Wairakei and the area of 
investigation ABC. (From S t i l w e l l  
et a1 1975) 
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Subsfdcncc a t  Bcnchrk A-91 (meters) J 

XBL m a i n  
Figure 2 .  Reservoir pressure drop versus subsidence 

observed at the Wairakei geothermal f i e l d ,  
New Zealand. 
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Figure 3. An idealized three-dimensional subsidence 
model of.the Wairakei geothermal system. 
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Figure 4 .  The thicknesses of the Huka Falls formation and the 

node numbers used in the model. 
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.gure 5 .  Subsidence contours i n  meters 
after 21 years of production. 
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Figure 6 .  A comparison of the measured subsidence X8L 7911°13408 

with that calculated at the node 142. 




