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MODELLING THE GRAVITY CHANGES

AT WAIRAKEI GEOTHERMAL FIELD

R.G. A l l i s and T.H. Hunt

Geophysics D i v i s i o n , D.S.I.R., Wairakei , P r i v a t e Bag, Taupo.

The p r i n c i p a l cause of g r a v i t y change a t

Wairake i  has  Seen t h e drawdown of l i q u i d and t h e

f o r m a t i o n of steam zone i n t h e upper part t h e

r e s e r v o i r .
have also been caused by subsequent s a t u r a t i o n

changes i n t h e steam zone, groundwater l e v e l
d e c l i n e and changing pore water d e n s i t y due to
t e m p e r a t u r e changes. compaction* pore water
decompression and m i n e r a l p r e c i p i t a t i o n a te
u n l i k e l y t o have caused s i g n i f i c a n t g r a v i t y

changes An example of model l ing t h e

g r a v i t y changes I n the e a s t e r n produc t ion

bore f i n d i c a t e s a r e s i d u a l sat u r a t i o n i n t h e
steam zone,  immediately a f t e r l i q u i d drawdown, of

0.6. Dry o u t of the steam zone d u r i n g t h e
caused t h e s a t u r a t i o n to d e c r e a s e to less t h a n

0.5. During t h e 1970's t h e r e appears to have been 

s a t u r a t i o n change. Cont inu ing p r e s s u r e
and tempera ture d e c l i n e s i n t h e steam zone are
a p p a r e n t l y now caused mainly by groundwater

i n v a s i o n .

Small b u t  s i g n i f i c a n t  g r a v i t y  changes

INTRODUCTION

More than 1 of water h a s

However t h e g r a v i t y
been withdrawn from Wairakei f i e l d s i n c e g r a v i t y
m o n i t o r i n g began 1961.
s t a t i o n network, c o v e r i n g a area c o n t a i n i n g

Wairake i f i e l d , has d e t e c t e d s u r p r i s i n g l y small
g r a v i t y changes.
o c c u r r e d between 1961 and 1967 d u r i n g t h e period
o f r a p i d l i q u i d drawdown i n t h e  r e s e r v o i r .  
t h i s t i m e a maximum d e c r e a s e of 500 v g a l
measured i n t h e e a s t e r n part of t h e p r o d u c t i o n
b o r e f i e l d (Hunt, 1977). Subsequently a g r a v i t y

i n c r e a s e of o v e r 200 h a s occur red i n the

e a s t e r n p r o d u c t i o n b o r e f i e l d , and a s i m i l a r l y
s i z e d d e c r e a s e h a s occur red w e s t of t h e p r o d u c t i o n
b o r e f i e l d (Hunt, 1983; 19841. Prev ious

i n t e r p r e t a t i o n s of t h e s e g r a v i t y changes have 
shown t h a t a r e l a t i v e l y small f r a c t i o n o f
t h e t o t a l mass has been d e r i v e d from s h a l l o w
drawdown i n t h e  r e s e r v o i r ,  w i t h t h e remainder

b e i n g  s u p p l i e d  by recharge (Hunt, 1977; A l l i s ,
1901).

of t h e g r a v i t y changes

During

In t h i s paper , a l l t h e f a c t o r s which may have
caused s i g n i f i c a n t g r a v i t y changes d u r i n g

e x p l o i t a t i o n a r e q u a n t i t a t i v e l y a s s e s s e d and i t
will be shown t h a t most of them can be c a l c u l a t e d
f observed p r e s s u r e and tempera ture changes i n
t h e r e s e r v o i r . The p r i n c i p a l unknown parameter

which c a n  o n l y  be determined from t h e g r a v i t y
change t h e d e q r e e of t h e steam
zone. One example of how the q r a v i t y changes can

be used t o s a t u r a t i o n chdngea wi th t i m e w i l l

be A more d e t a i l e d d i s c u s s i o n of t h e
t h a t have occur red i n v a r i o u s

p a r t s be

paper p r e s e n t l y i n p r e p a r a t i o n . The u n i t

g r a v i t y used h e r e t h e ugal; 1

u n i t of p r e s s u r e used t h e

b a r 0.1

OF GRAVITY CHANGES

t h e observed g r a v i t y f e t e n c e s have

been c o r r e c t e d f o r e l e v a t i o n changes a t each

s t a t i o n , t h e r e s i d u a l  g r a v i t y  changes should be

predominantly due to mass changes beneath t h e

grav imete r .
g r a v i t y change it must be remembered t h a t t h e
s t a n d a r d error of a g r a v i t y observa t ion , f o r

r e c e n t surveys a t Wairakei f i e l d , has been around
uga l , and t h e  u n c e r t a i n t y  f o r  most of t h e

g r a v i t y d i f f e r e n c e s is probably around 30

The v a r i o u s causes of g r a v i t y change a t Wairakei

f i e l d are d i s c u s s e d below i n approximate o r d e r of
importance.

e x p r e s s i o n s t h e  g r a v i t y  e f f e c t are given.
G e n e r a l l y t h i s is a good approximation,  because t h e
d e p t h t o t h e mass changes small compared to
t r ho zonta1 e x t e n t.

When c o n s i d e r i n g  p o s s i b l e  causes o f

I n each case one dimensional

Liqu id drawdown i n steam zone

The primary e f f e c t of f l u i d withdrawal from

WaFrakei f i e l d has been t h e formation of  a steam
zone between about 100 and 400 depth. I f is
t h e f r a c t i o n of pore volume with immobile l i q u i d

r e s i d u a l  s a t u r a t i o n )  a f t e r drawdown;

t h e connected p o r o s i t y ; t h e steam d e n s i t y ;
Is t h e  l i q u i d  water and G is t h e

g r a v i t a t i o n a l c o n s t a n t (6.67 x
then t h e g r a v i t y change, due to drawdown, is:

N

where h is t h e t h i c k n e s s , or i n c r e a s e i n
t h i c k n e s s , of t h e steam zone. Appropriate v a l u e s
f o r t h e steam zone a t Wairakei are 0.3 and- 850 Equation 1 reduces to:

Ag = - 11 -
where h is i n m. I f , f o r example, t h e steam zone

i n c r e a s e s i n t h i c k n e s s by 100 and 0 . 5 ,

than the g r a v i t y change -550 ugal.

The m a i n u n c e r t a i n t y equa t ion 1 which

i n f l u e n c e s the value of S is t h e value of h. The 
t o p and bottom of any zone i s poor ly
i d e n t i f i e d , even when t h e r e are numerous h igh

e n t h a l p y production w e l l s producing from a range
of dep ths . i s o b a r i c part of t h e r e s e r v o i r a t
s a t u r a t i o n temperature is o f t e n assumed t o be

steam-dominated. However, i f i t happens t o be

water dominated, then t h e v a l u e assumed f o r h is
too and t h e r e s u l t i n g value determined f o r
s is a l s o too l a r g e . conc lus ion

an unexpectedly h i g h v a l u e of
be c o r r a c t :

t h a n p r e v i o u s l y thouyht . The error

would t h e v e r t i c a l  d i s t r i b u t i o n  of

t h e steam volume, not i n the steam volume

t h e r e w o u l d more tho
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Liquid drawdown i n groundwa ter

Equat ion 1 can a l s o be used to c a l c u l a t e  t h e  

e f f e c t o f sha l low groundwater l e v e l I n
t h i s case, t h e f l u i d is g e n e r a l l y w i t h

a i r f i l l i n g t h e u n s a t u r a t e d pore volume. Assuming 
t o 0 . 5 , and us ing 0 .5 , is A

r e a s o n a b l e va lue f o r shal low depth a t
t h e n

-10 h

where h is t h e f a l l i n water l e v e l

Groundwater l e v e l s around Wairakei  are known

t o v a r y by up t o m due to climatic f a c t o r s .

Such v a r i a t i o n s are u n l i k e l y to be d e s c e r n i b l e i n
t h e  g r a v i t y  d i f f e r e n c e s and can be ignored.
However, t h e r e is a n area on t h e side o f

t h e p r o d u c t i o n b o r e f i e l d where groundwater l e v e l s

have f a l l e n by over 10 ( A l l i s , This w i l l
have a s i g n i f i c a n t  e f f e c t  on t h e measured g r a v i t y

d i f f e t e n c e .

If groundwater l e v e l changes i n excess of

s e v e r a l metres go unde tec ted ,  then  an  e r r o r the
g r a v i t y  i n t e r p r e t a t i o n  may occur.

Steam zone s a t u r a t i o n change

P r e s s u r e and tempera ture i n t h e steam zone a t
Wairake i f i e l d have s t e a d i l y decreased s i n c e

f o r m a t i o n of the zone i n t h e late 1950s and e a r l y
Between 1962 and 1982 the p r e s s u r e

d e c r e a s e d by around 10 bar and t h e tempera ture
d e c r e a s e d by depending on l o c a t i o n  w i t h i n  

t h e  f i e l d .  These d e c r e a s e s could be due t o steam
c a u s i n g of t h e steam zone, or t h e y

c o u l d be due to c o o l i n g and condensa t ion from
i n v a d i n g groundwater . With t h e former, t h e

s a t u r a t i o n g r a d u a l l y d e c r e a s e s as water
b o i l s due to t h e p r e s s u r e decrease ; the

la t ter , t h e s a t u r a t i o n may i n c r e a s e w i t h t i m e .

Equa t ion 1 g i v e s t h e g r a v i t y change for a
s a t u r a t i o n change, AS, i f - is rep laced by

If d r y- o u t is o c c u r r i n g , t h e f r a c t i o n a l
volume o f f l u i d lost, can be c a l c u l a t e d from
t h e observed tempera ture or p r e s s u r e drop t h e

steam zone. Heat ba lance c o n s i d e r a t i o n s y i e l d :

where H the l a t e n t heat: o f water, AT t h e

change and < pc > is
t h e volumetric h e a t c a p a c i t y  o f  t h e  s a t u r a t e d  
rock . That is,

< pc a +

hea t ; rock; water; S

s a t u r a t i o n ) . T y p i c a l va lues f o r t h e s e parameters
i n t h e steam zone a t are: 2700

H

s u b s t i t u t i o n i n equa t ions and 5:

1900 and 850

0.0017 AT

where AT is i n g r a v i t y change due
dry- out is t h e r e f o r e (from

0.061

where h is t h e average t h i c k n e s s t h e steam zone

A 100 m t h i c k steam zone which d e c l i n e s i n
t e m p e r a t u r e by due t o d r y - o u t w i l l t h e r e f o r e
c a u s e q r a v i t y d e c r e a s e of around 60 ugal

pore w i l l have
0.06. "he g r a v i t y r e l a t i v e l y
small., b u t s t i l l

The of the above depends

on dry-out is the t h e

and p r e s s u r e t h e steam
zone, secondly on t h e a c t u a l th ickness of the

steam zone. I f equa t ion 7 is used the

assumed t h e parameters should resul t i n

a combined u n c e r t a i n t y of less than 10% t h e
steam zone temperature between 150 and

Liquid d e n s i t y change - thermal e f f e c t s

If t h e  d e n s i t y  o f water i n an a q u i f e r changes

due to a temperature change, and no s a t u r a t i o n
change r e s u l t s t h e a q u i f e r conf ined) t h e n
t h e r e s u l t i n g g r a v i t y change w i l l be:

where is t h e average d e n s i t y change and h is
t h e average a q u i f e r t h i c k n e s s  w i t h  changed
tempera ture AT. A t a b o u t t h e volumet r ic

c o e f f i c i e n t of expansion f o r water i s almost
o r d e r s  o f  magnitude, g r e a t e r t h a n t h a t of rock, so
t h e e f f e c t s o f rock volume changes can be ignored.

Pot t empera tures between 180 and and
0.3, t h e  g r a v i t y  e f f e c t is:

where h is i n m, and AT is i n I f t h e

tempera ture o f a 500 t h i c k  a q u i f e r  decreases by
a n average  of  i n the above temperature range,
g r a v i t y w i l l i n c r e a s e by a b o u t 75 ugal.

The u n c e r t a i n t y w i t h this c a l c u l a t i o n is
whether t h e a q u i f e r is conf ined or v h e t h e r
s a t u r a t i o n changes could have occur red because of

the change i n t h e v e r t i c a l p r e s s u r e  g r a d i e n t  o v e r  

p o r t i o n of t h e l i q u i d column. example,

i f t h e i n c r e a s e i n d e n s i t y due t o temperature
d e c r e a s e  c a u s e s  t h e  water l e v e l a steam-water
i n t e r f a c e w i t h i n t h e a q u i f e r ) to f a l l , then t h e

g r a v i t y i n c r e a s e w i l l be p a r t i a l l y
The o f p r o p o r t i o n a l t o t h e

v a l u e of ( 1 - I n t h e u n s a t u r a t e d zone above 

t h e changing l e v e l .

One of t h e most i m p o r t a n t areas where this
e f f e c t be o c c u r r i n g is i n t h e two-phase
zone benea th t h e steam zone. A t about 500 d e p t h

a t Wairakei , t h e tempera ture h a s f a l l e n from more

than to as low as some places.
G r a v i t y modell ing a t Wairakei i n d i c a t e s  t h a t  S i n
t h e steam zone t h e range 0.6-0.8, 80

e f f e c t of t h e s e tempera ture changes may l a r g e l y
uncompensated i f changes i n h e i g h t of t h e

water-steam d o occur.

An a d d i t i o n a l u n c e r t a i n t y whether

s i g n i f i c a n t changes water l e v e l occur a t
a r e s u l t of water d e n s i t y changes. The s i z e of
any change w i l l depend on t h e p e r m e a b i l i t y the

upper p o r t i o n of t h e l i q u i d zone. If t h e r e i s a
zone of r e l a t i v e l y h igh h o r i z o n t a l p e r m e a b i l i t y
near t h e water s u r f a c e  t h e n  t h e p r e s s u r e  w i t h i n  

t h i s zone w i l l c o n t r o l t h e h e i g h t the water
s u r f a c e .  P r e s s u r e  changes due t o deeper
tempera ture changes w i l l r e s t r i c t e d to g r e a t e r

dep th . S i m i l a r l y , i f is very l o r

p e r m e a b i l i t y around t h e water s u r f a c e , then t h e
under ly ing l i q u i d column t e n d s to be conf ined , and

water l e v e l changes may a l s o n o t occur . The o n l y
c i rcumstance  favour ing  water l e v e l changes is when
good v e r t i c a l e x i s t s o v e r t h e l i q u i d
volume, and p r e s s u r e in t h e column c o n t r o l l e d
by good h o r i z o n t a l benea th t h e
of  decraaeed  temperature.

I t has been assumed h e r e t h a t
changes due t o chanqes

cause chanqes in water
A t compensation may occur , and the
e f f e c t b y up 402.

m o s t of e r r o r would be vary
f t i o n of
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L i q u i d d e n s i t y changes - p r e s s u r e e f f e c t s

The d e p r e s s u r i n g of pore causes a

d e c r e a s e i n f l u i d d e n s i t y which w i l l cause a
g r a v i t y d e c r e a s e . This is given by:

where c is t h e average c o m p r e s s i b i l i t y of t h e
water, is the t h i c k n e s s of t h e  a q u i f e r ,  and AP
is t h e p r e s s u r e decrease . The o f
water ranges between x
and x f o r water. I n t h e h o t
part of t h e r e s e r v o i r a t Wairakei , t h e g r a v i t y
e f f e c t , of t h e pore water is:

f o r c o l d water

-0.001 h AP

where h is i n m and AP is i n bar 0.3). A 10

b a r p r e s s u r e decrease over a 1 t h i c k a q u i f e r
w i l l c a u s e a g r a v i t y d e c r e a s e of o n l y 10 vgal.
T h i s e f f e c t can g e n e r a l l y be n e g l e c t e d ,  e x c e p t  
where phase s e p a r a t i o n (steam or occurs as a
r e s u l t of depressur ing . a l r e a d y d i s c u s s e d , the

r e s u l t i n g  s a t u r a t i o n  changes would cause a very

large g r a v i t y change.

compaction

F l u i d decompression also c a u s e s

40

30

a

-

-400

-500

t empera tu re

compaction, and t h e  r e s u l t i n g  f l u i d loss
d e c r e a s e i n g r a v i t y . The e f f e c t can c a l c u l a t e d
from e q u a t i o n 10, v i t h rock c o m p r e s s i b i l i t y

r e p l a c i n g t h e term . S i n c e rock

c o m p r e s s i b i l i t y and a p p r o p r i a t e of

t h e can be ex t remely v a r i a b l e and

u n c e r t a i n , i t is easier to c a l c u l a t e t h i s e f f e c t

d i r e c t l y from t h e amount of subsidence.
t h e amount subs idence e q u a l s t h e amount o f

compaction, then

=

where
d u r i n g compaction.

o c c u r r i n g i n t h e steam zone and steam is los t ,
t h e n -0.4 of subsidence. If water is
lost , then Ag -40 of subs idence- A l l i s

and Barker showed t h a t i n t h e e a s t e r n

produc t ion b o r e f i e l d , and probably also i n the
main subs idence bowl a t Wairakei , t h e compaction
is mostly o c c u r r i n g i n t h e steam zone ( i n t h e Huka

b r e c c i a layer)'. Although the rate of subs idence
as high as 0.45 h e r e , t h e g r a v i t y e f f e c t

is s t i l l n e g l i g i b l e .
p roduc t ion b o r e f i e l d , t h e total subs idence s i n c e
t h e e a r l y 1960's has been less t h a n m. Even

i f t h e compaction is e x p e l l i n g water, the g r a v i t y
e f f e c t i n this part of t h e f i e l d c a n be neglec ted .

is t h e d e n s i t y o f t h e f l u i d phase lo s t
I f t h e compaction Is

Elsewhere away the

p r e s s u r e ( b a r )

i i
20 30

EASTERN

I
PRODUCTION

BOREFIELD

1 : pressure changes i n the eastern production Wairakei.

A L L profiles based on data collected M.W.D. The 1952 pressure

from Horne,
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,

P r e c i p i t a t i o n

As t h e geothermal f l u i d drawn towards t h e

p r o d u c t i o n w e l l s , b o i l i n g occurs ,  caus ing  s i l ica to
be p r e c i p i t a t e d near t h e production

The a v e r a g e temperature drop due t o b o i l i n g is
a b o u t (Henley, ; f o r

between 255 and t h i s causes a d r o p i n

s i l ica c o n c e n t r a t i o n of around 70

total mass f low of s i n c e 1961,

mass of si l ica p r e c i p i t a t e d is t h e r e f o r e 7 10

kg. Assuming t h i s  t o  be concent ra ted w i t h i n a 1

area o f  t h e  p roduc t ion b o r e f i e l d , t h e maximum
g r a v i t y i n c r e a s e would be 3 ugal which is
i n s i g n i f i c a n t .
p r e c i p i t a t i o n caused by the h e a t i n g of  invad ing
cool w a t e r s a t u r a t e d w i t h CO should be even

smaller t h a n t h e e f f e c t of p r e c i p i t a t i o n .

Using a

The g r a v i t y e f f e c t s of calcite

MODEL FOR GRAVITY CHANGES

IN THE EASTERN PRODUCTION BOREFIELD

Average p r e s s u r e and temperature p r o f i l e s a t
10 y e a r l y i n t e r v a l s since e x p l o i t a t i o n began i n
t h e early 1950s are shown i n 1. Each p r o f i l e

made up from numerous d w n h o l e measurements i n
b o t h p r o d u c t i o n and monitor wells i n t h e e a s t e r n

p r o d u c t i o n b o r e f i e l d .

mos t ly l ies w i t h i n an envelope a b o u t each l i n e o f
b a r or The impor tan t changes i n Pig. 1

are as fo l lows . U n t i l t h e e a r l y t h e steam
zone i n c r e a s e d s i z e due t o both deep l i q u i d
p r e s s u r e d e c l i n e and steam zone p r e s s u r e d e c l i n e .

Subsequent s t a b i l i z a t i o n of t h e deep l i q u i d

p r e s s u r e , b u t cont inued steam zone p r e s s u r e
d e c l i n e , h a s caused t h e bottom of t h e steam zone
t o move upwards. The p o s i t i o n of t h e top of the
steam zone d u r i n g t h i s t i m e u n c e r t a i n , b u t

scatter i n o b s e r v a t i o n s

\

year

i t is u n l i k e l y to have a l s o
tempera t u r a i n t h e two-phase l i q u i d zones above

and below t h e steam zone below s a t u r a t i o n
c o n d i t i o n s  d u r i n g  t h e la te 1970s. S i n c e sha l low

w e l l s s t i l l produce from t h e steam zone i n t h i s

p a r t of t h e f i e l d , t h e steam zone here is
presumably s u s t a i n e d e i t h e r by a l a t e r a l f low

o f steaa, or by a l o c a l i s e d upflow reg ion n o t
r e p r e s e n t e d by t h e 1982 tempera ture p r o f i l e

Fig. 1.

The v a r i o u s g r a v i t y e f f e c t s these changes
are shown i n Fig. The effects have been
computed i n t h r e e , 10 year steps. F i n e r t i m e
increments are cons idered to be u n j u s t i f i e d i n

of t h e u n c e r t a i n t i e s i n the steam zone
th ickness . Four o p t i o n s f o r t h e g r a v i t y e f f e c t o f
l i q u i d drawdown are s h w n , wi th ranging between

0.5 and 0.8. The best f i t to shown
Fig. is obta ined w i t h 0.6. This c l o s e l y
matches t h e i n c r e a s e i n observed a t
s t a t i o n s s i n c e t h e e a r l y i f it i s also
assumed t h a t no d r y- o u t occur red i n t h e zone

a f t e r 1972. I f t h e main cause the
d e c l i n e i n p r e s s u r e and tempera ture i n the steam
zone s i n c e 1972, then t h e g r a v i t y would have been

s t e a d i l y decreas ing . T h i s has n o t been observed
o v e r most of t h e e a s t e r n produc t ion b o r e f i e l d .

s l i g h t d e c r e a s e i n g r a v i t y a t A97 s u g g e s t s

some d r y- o u t has cont inued t o occur a t the
s o u t h e a s t end of t h e b o r e f i e l d .

The s a t u r a t i o n changes t h e p o r t i o n t h e

steam zone which formed f i r s t is shown i n Fig.
This is s i t u a t e d between about 100 and 150

and is immediately beneath t h e lower Huka mudstone
l a y e r . By t h e e a r l y 1960s t h e  s a t u r a t i o n  had
f a l l e n to around 0.6 as water dra ined from
t h e upper part of t h e reservoir, Steam drawoff by

L I I I '

y e a r
'6 0 '70 '8 0

0

2a: G r a v i t y c h a n g i n g c o n d i t i o n s i n t h e eastern p r o d u c t i o n

t h e e f f e c t s of c h a n q e s of t h e g r o u n d w i t h t i m e ) .

h: T h e o r e t i c a l €or t h e  q r a v i t y  i n t h e e a s t e r n

w i t h the c h a n g e s at 5 b e n c h m a r k s . T h e model a s s u m e s 0.6, a n d

z o n a does n o t o c c u r a f t e r 1972.

Saturation s t e a m- z o n e predicted by g r a v i t y 2b.



s h a l l o w produc t ion wells then became t h e main

f a c t o r caus ing t h e s a t u r a t i o n t o d e c l i n e t o less
t h a n 0.5 by t h e e a r l y 1970s.

t h e r e a p p e a r s to have been l i t t l e change i n

s a t u r a t i o n , wi th  the  con t inued  p r e s s u r e and

t e m p e r a t u r e d e c l i n e i n t h e steam zone being
predominant ly caused by invading groundwater.

However subsequent ly

CONCLUSIONS

I n t e r p r e t a t i o n of t h e g r a v i t y changes i n t h e

e a s t e r n produc t ion b o r e f i e l d has y e i l d e d e s t i m a t e s
of t h e s a t u r a t i o n changes i n t h e under ly ing steam
zone. The changes prov ide i n s i g h t i n t o t h e c a u s e s
o f rundown t h i s part of the f i e l d and t h i s , i n

provides a basis f o r p r e d i c t i n g  t h e  
f u t u r e response of t h e  b o r e f i e l d .  A more d e t a i l e d

d i s c u s s i o n of t h e s e r e s u l t s , and t h e  r e s u l t s  of
m o d e l l i n g t h e g r a v i t y changes e l sewhere a t
WaFrakei f i e l d w i l l appear i n a review paper 

c u r r e n t l y i n p r e p a r a t i o n .
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