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ANALYSIS OF SUBSURFACE COMPACTION AND SUBSIDENCE

AT WAIRAKEI GEOTHERMAL FIELD

Ann Robertson

Geothermal Institute
University of Auckland 

Using the simple theory of one-dimensional consoli-
dation, close agreement between calculated compaction
and observed subsidence was found for Wairakei
Geothermal Field. The crucial parameters in the 
analysis are the compressibilities and thicknesses of
the various formations and the magnitude of the 
observed decline in pore pressure and the level of the
water table. The compaction of the surficial pumice
and the underlying Wairakei Breccia and Huka Falls 
Formation accounts for most of the observed 
subsidence.

The reservoir pressure has always been lower in the 
eastern part of the Wairakei Field than in the western 
part. Production of steam from shallow wells and cold 
water intrusion at relatively shallow levels in the
eastern borefield contributes substantially to the
reduction in steam pressure, which induced compaction
in the Huka Falls Formation. The decline in the level
of the water table results from the pressure reduction 
and causes the compaction of the two layers above the 
Huka Falls Formation.

Precise modelling of subsidence at Wairakei is diffi-
cult because of the lack of data regarding the nature
and thickness of the compaction-prone deposits and the 
uncertainty about subsurface conditions in the area of 
maximum subsidence , which lies outside the main produc-
tion zone. Since deformable lacustrine sediments are 
also found at Ohaaki Geothermal Field, attention 
drawn to the problem of potential subsidence at
Ohaaki.

INTRODUCTION

Compaction of the main aquifer (Waiora Formation) 
cannot account for most of the observed subsidence at 
Wairakei. However, the compressibility of the
shallower deposits was found to be to orders of
magnitude greater than that the Waiora Formation 
Allis and Barker who suspected that an
fied pumice breccia layer in the Huka Falls Formation
was for both the unusual location and the
large magnitude of the subsidence at Wairakei.

the current study, the physical properties of the
shallow deposits at Wairakef have been investigated
further, as well as the state of stress those
deposits. Equations for the increase in effective
stress were derived for each stage in the exploitation
history of Uairakei. Compaction calculations were
made based on the theory of one-dimensional
datfon (Terzaghf, 1925) and the results have been 
compared the observed subsidence. Surface
manifestations which have appeared since the onset of
Subsidence were analysed to determine their
locatfon and continued are related to a
o r regional stress 

Finally, the location of the main subsidence area has
been re-examined. The implications of subsidence for
field management and reinjection strategies 
discussed, and suggestions for future studies are
made.

PHYSICAL OF SHALLOW DEPOSITS

The production zone within the Waiora Formation the
Wairakei reservoir is a dense, competent unit, 
consisting largely of a highly mineralised pumice
breccia (Grindley, 1965; Steinet, 1977 The

of this formation was found to be quite low;
Pritchett et report a value of 0.025
kilobar-1. Such a low compressibility does not yield
a compaction which matches the observed subsidence ,
even though the Waiora Formation has experienced the
greatest pressure drop of any of the formations at
Wairakei.

The Waiora Formation is overlain by the essentially 
unaltered lacustrine sediments of the Huka Falls
Formation (Grindley, 1965; Steiner, 1977). In the
eastern borefield beneath the area of maximum subsi-
dence, this formation consists of mudstones with thin
interbedded pumiceous sandstones pumice breccia

and interbedded and pumiceous 
sandstones

Allis and Barker (1982) reported a compressibility
value of 8.0 for which is thickest in
the eastern and southeastern areas of the field.
Consolidation tests were performed by the author on
fresh core samples of and obtained from well 

and old core samples of from well (see
Figure for well locations). The results of the
consolidation tests (Table 1) indicate that the
compressibility of and are of the same order
of magnitude, but slightly lower than that reported by
Allis and Barker (1982). Pritchett et
report a significantly lower value (0.25
for the compressibility of the Huka Falls mudstone. 

Other samples of the Huka Falls Formation (all
members) were also tested for dry density, saturated 
density and effective porosity. Similar values were
obtained for members. The average values of dry
density, wet density and effective porosity were found
to be 0.99 1.49 and 0.57 respectively.

The Huka Falls formation is overlain by the tuffaceous 
sandstones of the Wairakei Breccia (Grindley, 
which are commonly affected by alteration,
and in some places, by supergene alteration (Steiner, 
1977). Consolidation tests indicate that the compress-
ibility thfs formation 23.0 (Allis and
Barker, 1982). Its porosity is also very high; the
average value of five samples was 0.72. High porosity
generally indicates compressibility. The
surf pumice layer is also extremely porous, 
has not been tested for to date.
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TABLE values o f uniaxial compressibil it
Well Depth Formation (kilobar )

. 85 1.16 0 .2

85

WK301 138

WK301 138

wK33 120

WK33 120

?

2.14 0.1

0.90

1.20 0.1

2 1.75 0.2

2.42 0.1

? Wr

Allis and Barker, 1982

S t a t e o f S t r e s s w i t h i n t h e Wairakei Reservoir

t o t h e theo ry of one-dimensional ( u n i a x i a l )
c o n s o l i d a t i o n (Terzaghi , 1925) t h e or
e f f e c t i v e stress i n s i d e a rock mass t h e load

suppor ted by t h e rock mat r ix ) i s equa l t o t h e t o t a l
g e o s t a t i c stress a t t h a t po in t (due t o t h e
weight o f rock and water above i t ) t h e pore
p r e s s u r e (u):

Compaction may occur by t h e t r a n s f e r of stress from
t h e pore f l u i d t o t h e rock mat r ix when t h e pore
p r e s s u r e is decreased. It fo l lows t h a t t h e change i n
e f f e c t i v e stress is g iven by:

As t h e i n c r e a s e i n e f f e c t i v e stress is respons ib l e f o r
compaction by rea r r ang ing , d i s t o r t i n g , or breaking t h e
rock g r a i n s , t h e e f f e c t o f changing r e s e r v o i r condi-
t i o n s on e f f e c t i v e stress w i l l be discussed. A l l

e q u a t i o n s f o r AP' below are der ived by c a l c u l a t i n g

A u a t v a r i o u s l e v e l s of t h e r e s e r v o i r and
t h e cumulat ive stresses.

The pore p r e s s u r e p r o f i l e of a semi-confined,
unexp lo i t ed , liquid- dominated geothermal r e s e r v o i r
w i t h a p a r a s i t i c vapor-dominated zone i s shown i n
F igure l a r e s e r v o i r state With product ion,
t h e l e v e l of t h e h o t water t a b l e i s drawn down, t h e
steam-dominated zone ("steam zone") expands, pore
p r e s s u r e s d e c l i n e , and t h e l e v e l o f t h e ove r ly ing
water t a b l e d rops because t h e conf in ing l a y e r or
"cap rock" is leaky r e s e r v o i r s t a g e 1). The
d e c l i n e i n bo th t h e wa te r t a b l e and t h e pore p res su re
cause a n i n c r e a s e i n e f f e c t i v e stress. throughout
t h e v a r i o u s zones (F igu re are:

1.

2.

3.

where is t h e d e n s i t y of the c o o l ground-
wate r , g r a v i t a t i o n a l a c c e l e r a t i o n , is t h e
p o r o s i t y o f t h e uppermost l a y e r , is t he r e s i d u a l
s a t u r a t i o n ( f r a c t i o n a l volume of pores f i l l e d with
immobile wa te r which remains a f t e r t h e water t a b l e
has been drawn down), and a is t h e depth from
t o t h e p o i n t i n q u e s t i o n .

Between and t h e top of the semi- confining
l a y e r :

where is t h e t o t a l drop i n groundwater l e v e l .

4. I n t h e semi-confining l a y e r , P' is a f f e c t e d by

t h e d e c l i n e i n groundwater l e v e l , t h e steam
pressu re drop, and dry-out of t h e steam zone.
Dry-out occurs when immobile pore water i s bo i l ed
o f f , us ing heat from t h e rock as pres su re and
temperature drop a long t h e s a t u r a t i o n curve (Grant
et al . , 1982). i n t h i s p a r t of t h e r e s e r v o i r

given by:

where is t h e d e n s i t y of t h e h o t , immobile
pore water, is t h e d e n s i t y of t h e steam, i s
t h e poros i ty of t h e semi- confining l a y e r , is
t h e change i n s a t u r a t i o n of t h e steam
zone due t o dry-out, b i s t h e depth from t h e top
of t h e semi-confining l a y e r t o t h e p o i n t

ques t ion , and A is t h e d e c l i n e i n steam
pressure .

I n t h e of t h e main a q u i f e r which is
steam- filled i n both t h e i n i t i a l and e x p l o i t e d
states, a term must be inc luded f o r the dry-out of
t h e a q u i f e r , g iving:

where x i s t h e th i ckness of t h e semi- confining
l a y e r , is the poros i ty of t h e main a q u i f e r , and
c i s t h e depth from t h e t o p of t h e main a q u i f e r t o
t h e po in t i n quest ion. The same amount of dry-out
is assumed t o occur i n both t h e semi- confining
l a y e r and the por t ion of t h e main a q u i f e r which
was o r i g i n a l l y f i l l e d wi th steam.

6 . I n t h e por t ion of t h e main a q u i f e r which was i n
e i t h e r t h e liquid- dominated (" boi l ing" ) zone or
ho t water zone and is now i n t h e steam zone,

AP ' is a f f e c t e d by t h e change in groundwater
l e v e l , dry-out through t h e steam zone, t h e change
in pore p res su re a t t h e p o i n t i n ques t ion , and t h e
amount of water remaining i n t h e pores
a f t e r drawdown of t h e h o t wa te r t a b l e . Th i s
g i v e s:

where y i s t h e o r i g i n a l th i ckness of t h e s team
zone i n t h e main a q u i f e r , s' is the r e s i d u a l
s a t u r a t i o n fol lowing drawdown of t h e main a q u i f e r ,
d is t h e depth from t h e o r i g i n a l ho t water l e v e l
t o t h e po in t i n ques t ion , is t h e pore p res su re
drop i n t h e hot water zone, and is t h e i n c r e a s e
i n th i ckness of t h e steam zone i n t h e main
a q u i f e r . The d i f f e r e n c e i n f l u i d d e n s i t y between
t h e b o i l i n g zone and t h e ho t water zone is assumed
t o be n e g l i g i b l e .

7 . I n t h e remainder of t h e a q u i f e r :

In r e s e r v o i r s t a t e 2 , d e e p recharge has caused the
deep l i q u i d p res su re t o However, steam
preseu res s t i l l d e c l i n e due t o lowering of temperature
a t t h e f l a s h po in t , e x t r a c t i o n of steam by shal low
wells, and co ld water i n t r u s i o n . Because t h e steam
pressu re con t inues t o d e c l i n e , t h e r e i s an a d d i t i o n a l
drop groundwater l e v e l .

The equa t ions desc r ib ing the inc rease i n e f f e c t i v e
s t r e s s dur ing r e s e r v o i r s t a t e 2- are similar; however,
terms must be added t o account € o r t he
groundwater l e v e l d e c l i n e changes
s a t u r a t i o n t o dry-out o r

of t he
p res su re d e c l i n e i n

s a t u r a t i o n following drawdown of t h e m a i n a q u i f e r
and
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FIGURE 1: ( a ) P l o t s of pore p res su re
dep th and ( b ) i n c r e a s e i n e f f e c t i v e
stress ( P') dep th f o r a
conf ined, liquid- dominated geothermal
r e s e r v o i r i n t h e i n i t i a l state ( 0 ) and
e x p l o i t e d s ta tes (1 and i n d i c a t e s
t h e top of t h e water t a b l e , h is t h e
d e c l i n e i n t h e l e v e l of t h e water
t a b l e , i s t h e d e c l i n e i n steam
pressu re and i s t h e d e c l i n e i n hot
wa te r p res su re .

The Wairakei r e s e r v o i r has evolved i n a similar manner
t o t h e t h e o r e t i c a l r e s e r v o i r d e s c r i b e d above. Although
i t was no t p resen t i n i t i a l l y , a steam-dominated zone
q u i c k l y developed t h e e a s t e r n b o r e f i e l d (F igu re
where t h e pore p res su re g r a d i e n t is a p t l y desc r ibed as
s t eam- s ta t i c ove r ly ing nea r- hydros t a t i c (Grant and
Horne, 1980). In t h e western b o r e f i e l d , t h e develop-
ment of t h e steam zone has been much more l i m i t e d , and
t h e progres s ion towards t h e development of such a zone
is l e s s clear (Figure 3).

I N THE RESERVOIR

Calcu la t ed compaction is compared t o observed subs i-
dence a t two of the most f r equen t ly- leve l l ed bench-
marks i n t h e f i e l d : A97 and Subsidence a t A97
and a r e t y p i c a l of t h e . ea s t e rn and western
f i e l d s r e s p e c t i v e l y .

Benchmark A97 ( e a s t e r n boref i e l d )

P r i t c h e t t e t a l . noted t h e non- l inear r e l a t i o n-
s h i p between Subsidence and t i m e a t bench mark A97
(F igu re and they a t t r i b u t e d t h i s t o an i n c r e a s e in
t he of t h e Waiora Formation u i t h time.

i n which d for

t he t h e product h i s t o r y
of reservoir u s e d , however, t h a t a

i n has not occurred. The
i n

1.

2.

3.

5.

6.

7.

The gene ra l i s ed s t r a t i g r a p h y and r e s e r v o i r
p r e s s u r e d e c l i n e s a r e adequate ly rep resen ted by
F igure 2.

The cumulative groundvater l e v e l d e c l i n e (Ah) is
f o r each time I n t e r v a l considered

1962-1972,

P o r o s i t i e s of t h e s u r f i c i a l pumice and Wairakei
Breccia, Huka F a l l s Formation ( a l l and
Walora Formation a r e 0.6 , 0.5 and 0.3, respect-
i v e l y.
The r e s i d u a l s a t u r a t i o n following both t h e vater
t a b l e d e c l i n e and t h e drop t h e ho t vater
t a b l e i n t h e r e s e r v o i r is 0.5.

Dry-out o f t h e . steam zone occurred between 1962
and 1972, and t h e change i n r e s i d u a l s a t u r a t i o n
(As) was 0.2.

Resa tu ra t ion of t h e steam zone occurred between
1972 and 1982; dur ing t h i s time per iod was
-0.2.

If t h e Inc rease i n e f f e c t i v e stress is not
c o n s t a n t throughout t h e thickness of a given
l a y e r , t h e average va lue of used f o r t h e
e n t i r e l a y e r a t t h e midpoint o f t h e
l a y e r ) .

Using t h e s e assumptions, compaction of each l a y e r
is c a l c u l a t e d us ing t h e equat ion:

where is t h e c o e f f i c i e n t of u n i a x i a l compressi-
b i l i t y and t is t h e th i ckness of t h e l a y e r ; A P ' is
c a l c u l a t e d us ing equat ions 3-8 above. The r e s u l t s a r e
p resen ted i n Table 2.

Bench mark AA13 (western b o r e f i e l d )

The g e n e r a l i s e d pres su re changes shown i n F igure 3
I n d i c a t e t h a t t h e development of t h e steam zone t h e
w e s t has been r e s t r i c t e d , and t h e progress ion toward
t h e development of such a zone less clear. For
t h i s reason, i t is d i f f i c u l t t o estimate changes
r e s i d u a l s a t u r a t i o n . However, u s ing t h e va lues f o r
r e s i d u a l s a t u r a t i o n fol lowing drawdown used above and
a water t a b l e d e c l i n e of i t p o s s i b l e t o calcu-
la te t h e t o t a l es t imated compaction (Table 3).

There is c l o s e agreement between t h e c a l c u l a t e d com-
p a c t i o n and t h e observed subsidence. The key para-
meters i n f luencing t h e c a l c u l a t e d compaction are the
cho ices of c o m p r e s s i b i l i t i e s , t h e th i cknesses o f t h e
format ions , and t h e magnitudes of t h e pore p res su re
drop and t h e water t a b l e dec l ine . The compaction of
t h e s u r f i c i a l pumice and of t h e Wairakei Breccia i s
s i g n i f i c a n t a l l c a l c u l a t i o n s ; conversely , t he
Waiora Formation c o n t r i b u t e s l i t t l e t o t h e t o t a l com-
pac t ion , except f o r t h e compaction dur ing 1952-1962 a t

A s t h e steam zone migra t e s upward through the
v a r i o u s members of t h e Huka F a l l s Formation, t h e con-
t r i b u t i o n t o t h e t o t a l compaction made by t h e s e l a y e r s
becomes appa ren t . Thus, t h e argument t h a t subsidence
is r e l a t e d t o t h e d e c l i n e in steam pressu re a f t e r t h e
mid-1960's. r a t h e r than t o t h e d e c l i n e deep l i q u i d
p res su re , v a l i d ( A l l i s and Barker, 1982, and Figure
4). T h i s is p a r t i c u l a r l y t h e case i n t h e e a s t e r n
b o r e f i e l d , where t h e development and enlargement of
t h e steam zone i s very c l e a r .

ANALYSIS OF SURFACE

The s u r f a c e man i fe s t a t ions of subsidence (Figure 5 )
a r e loca t ed mainly i n t h e zone of ground tens ion
( A l l i s and Barker, 1982). The hor i zon ta l s t r a i n in
t he v i c i n i t y of seve ra l steaming cracks and bare
pa tches , and one a c t i v e normal f a u l t which have
appeared s i n c e the onset o f subsidence were analysed
t o determine i f t h e i r l o c a t i o n and continued movement
a r e t o s t r e s s f i e l d
or l oca l s t r e s s e s .
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SUBSIDENCE RESERVOIR PRESSURE bar
0 1 2 3 0 20 30

I I I

: (a) Plot of subsidence time bench of
change8 and generalized borefield
from i n prep.).

TABLE 2 : R e s e r v o i r c o m p a c t i o n n e a r A97

F o r m a t i o n A t (I ) t o t a l c o m p a c t i o n

P 3 0.00011 0.008

7 5 0.00022 0.380

70 0.00022 0.033i0.002 4

65 0.00022 1.75i0.2 0.075t0.003 3

3 5 0.00459 1.1620.2 0.186i0.033 2 5

164 0 0.008Wa

460 0.00984 0.109

3-4

2

1

1 9 5 2 - 1 9 6 2

Attota l
= 0.749 0.112 .

O b s e r v e d  s u b s i d e n c e .  0.30 O b s e r v e d s u b s i d e n c e r a t e 0 . 0 3 0

C a l c u l a t e d s u b s i d e n c e r a t e -

1 9 6 2 - 1 9 7 2

33
P 3 0.00011 0.038

P. 7 2 0.00022 0.364

70 0.00022 3

65 0.00380 0.432t0.050 38

35 0.00457 17

110 0.00486

2

1

0.013 9
Wa 390 0.00963 0.092

1.128

O b s e r v e d s u b s i d e n c e = 1.23 O b s e r v e d s u b s i d e n c e r a t e 0.123

s u b s i d e n c e

2 2P 3 0.00011 0.008

P. 6 9 0.00022 0.349

70 0.00274 2.14t0.1 0.410t0.020

65 0.00511 0.581r0.066 36

35 0.00534 14
2

1

2
70 0.00580 0.010Wa

430 0.00230 0 . 0 2 4

A t t o t a l
= 1.598 m 0.240

O b s e r v e d s u b s i d e n c e . 1.38 Observed s u b s i d e n c e r a t e 0.138

t e d b r i dence r a t e - 0.160t0.024 y e a r

d n d B a r k e r .

e t
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RESERVOIR PRESSURE (bar

10 20 30
I

b

FIGURE 3 : (a) P l o t of subsidence vs. t i m e a t bench mark (b) Pressu re changes

and gene ra l i zed s t r a t i g r a p h y in t h e western b o r e f i e l d (modified from A l l i s ,
in prep.).

: Reservoir compaction near (1952-1982)

Forma t i o n A t total compaction

P 8 0.00028 0.052

P , Wr 55 0.708

Hu

Wa

Wa

85 0 00749

0.01301 0.016

4 50 0.02201 0.238

4 3

4 2

1.753 m 0.263

Observed subsidence= 1.41 m

a n d Barker, 1982

e t

Wooden pegs were set o u t in t r i a n g u l a r p a t t e r n s around
t h e s e f e a t u r e s (Figure 6 ) and t h e d i s t a n c e between t h e
pegs v a s p e r i o d i c a l l y remeasured, us ing t h e same
f i b e r g l a s s t a p e and a s p r i n g ba lance t o e n s u r e t h a t a
c o n s t a n t p u l l vas e x e r t e d on t h e t ape .

A method of s t r a i n a n a l y s i s d e r i v e d from a g r a p h i c a l
c o n s t r u c t i o n by Ramsay (1967) was employed
de te rmine t h e va lue and d i r e c t i o n of t h e major
p r i n c i p a l s t r a i n from t h e changes i n l eng th of t h e
t h r e e s i d e s of t h e t r i a n g l e s . Quadra t i c e l o n g a t i o n s
and s h e a r s t r a i n s v e r e c a l c u l a t e d , and a Mohr diagram
was cons t ruc t ed t o determine t h e o r l e n t a t i o n s and
v a l u e s of the p r i n c i p a l s t r a i n s For each t r i a n g l e .

The r e s u l t s (Table 4 ) t h a t t h e subsidence is

r e s p o n s i b l e For t h e ongoing s t r a i n ; the of
f o r the f i s s u r e s and bare

from t o vith a n

d i r e c t i o n is n e a r l y at

a n g l e s t h i s locality.

S i m i l a r r e s u l t s were ob ta ined from t h e s t r a i n a n a l y s i s
of nea r t h e Lau l t . The d i r e c t i o n of
p r i n c i p a l ex tens ion is which is a
bea r ing po in t ing d i r e c t l y towards t h e c e n t e r of
maximum subsidencc.

-The steaming cracks form a n en-echelon p a t t e r n , and
t h e i r l o c a t i o n c o i n c i d e s wi th t h e e a s t e r n ex tens ion of
a t r e n d i n g f a u l t which t r a v e r s e s Geyser Val ley .
These f e a t u r e s may have formed over i n c i p i e n t f a u l t s
which have opened due to ground
t e n s i o n ( A l l i s and Barker , 1982). The f a u l t does not
appear t o be r e l a t e d t o any under lying s t r u c t u r e ; i t s
l o c a t i o n is solely due t o t h e t e n s i o n a l s t r e s s e s
r e s u l t i n g from subsidence, as are t h e h o r i z o n t a l

measured surface mani fe s t a t ions .
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SUBSIDENCE 80WL

LEGEND
Electric transmission 1 ne

Main steam pipelines

Crack i n road or curbing 

I
0 KM 1

: Locations of some surface manifestations of subsidence. Shaded area shown
in detail in Figure 6.

I

6 :

TABLE : Principal extension directions derived
from strain analysis of fissures

Triangle Direction of principal
i o n

19 -18A-18

19 -18 -188

17

17 -16 -10

17

17

17 -16

9 -15 -8

15 -11 -8

15 -12 -11

15 -12 -8

5 A -5 -4

- 4

13

117'

130'

180'

130'
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LOCATION OF OF SUBSIDENCE

The main subsidence a r e a a t Ua i rake i i s l o c a t e d near
Geyser Val ley, which was one of t h e s u r f a c e d i scha rge
areas f o r ascending geothermal f l u i d s d u r i n g t h e
unexp lo i t ed s t a t e of t h e r e s e r v o i r . Since product ion
began, major changes have occur red a t Geyser Valley,
and cool s u r f a c e waters are now thought t o be e n t e r i n g
t h e r e s e r v o i r through f a u l t c o n d u i t s (Glover, 1977).

The proximity of t h e subsidence area t o Geyser Val ley
has two impl ica t ions :

1. A s Geyser Val ley is a n area w i t h a d i r e c t and
long- establ ished connec t ion t o t h e deep r e s e r v o i r ,
i t has exper ienced t h e f u l l e f f e c t s of p ressu re
drawdown.

2 . A s t h e “Geyser Val ley F a u l t ” and a s s o c i a t e d f a u l t s
t o t h e east may be t h e e n t r y p o i n t of c o o l ground-
water, t h e steam zone i n t h e east i s becoming
r e s a t u r a t e d and t h e steam p r e s s u r e c o n t i n u e s t o
f a l l , causing t h e cont inued compaction beneath t h e
subsidence a rea .

The subsidence area is l o c a t e d approximately h a l f way
between Geyser Va l l ey (and a s s o c i a t e d f a u l t s t o t h e

and t h e e a s t e r n b o r e f i e l d . The F a l l s
i o n i s less than t h i c k beneath Geyser

and th ickens towards t h e sou theas t . The
p r e s s u r e drop has been g r e a t e r beneath Geyser Val ley
than i n t h e e a s t e r n b o r e f i e l d . Thus, t h e r e is an
i n t e r p l a y between t h e t h i c k n e s s of t h e compressible
d e p o s i t s of t h e Huka F a l l s Formation and r e s e r v o i r
p r e s s u r e d e c l i n e ; t h e subsidence bowl is l o c a t e d in a n
area which is a f f e c t e d by both phenomena.

The r e s e r v o i r p r e s s u r e has always been lower i n t h e
e a s t e r n b o r e f i e l d than i n t h e west (Bol ton, and
t h e development and enlargement o f t h e steam zone i n
t h e e a s t c l e a r l y v i s i b l e i n F igure Although
most product ion comes from t h e wes te rn b o r e f i e l d ,
where t h e format ion of t h e steam zone has been
l i m i t e d , a l a r g e p r e s s u r e drop accompanied by b o i l i n g
and e x t e n s i v e steam format ion has occur red i n t h e
e a s t e r n and n o r t h e a s t e r n a r e a of a t h e f i e l d . A s t h e
steam zone ascended i n t o t h e compressible d e p o s i t s

t h e Huka F a l l s Format ion) , compaction s t a r t e d .
Steam p r e s s u r e s con t inue t o d e c l i n e beneath t h e main
subs idence a r e a , and t h e water t a b l e c o n t i n u e s t o
drop; thus , compaction con t inues .

IMPLICATIONS OF STUDY

I n of subsidence c o n t r o l , product ion from t h e
steam zone by shal low w e l l s is t h e most d e t r i m e n t a l
f i e l d management po l i cy . Many of t h e e a s t e r n w e l l s a t
Wairakei o r i g i n a l l y produced h o t water; however,
fo l lowing drawdown of t h e deep wate r t a b l e , many of
t h e s e wells produced i n c r e a s i n g l y from t h e steam zone.
Although product ion i n the west would s t i l l induce a
p r e s s u r e d e c l i n e i n t h e e a s t , wi thou t t h e added
component of product ion i n t h e east, t h e s e v e r i t y of
t h i s p ressu re d e c l i n e may be lessened . Three
200- ser ies wells i n t h e west were r e c e n t l y brought on
l i n e , and f u t u r e t a r g e t a r e a s a r e a l s o i n t h e west,
r e f l e c t i n g the f a c t t h a t t h e p r o d u c t i v i t y of t h e
e a s t e r n i s d e c l i n i n g .

t h e hydrau l i c g r a d i e n t is toward t h e sou th ,
in t he main subsidence a r e a would probably

cause an en tha lpy d e c l i n e i n the e a s t e r n wells. I f a
management d e c i s t o n were made t o h a l t product ion i n

t h e e a s t e r n b o r e f i e l d , r e i n j e c t i o n i n t o t h e m a i n
subs idence a r e a could be an a t t r a c t i v e propos i t ton .
The primary advantage t o a r e i n j e c t i o n w e l l
in t h e subsidence a rea would be t h a t t h e geo log ic

and s t r a t i g r a p h y would be knovn, and t h a t
fresh c o r e s could be obtained for t e s t s .
Surface rebound r e i n j e c t i o n would y i e l d

the
d e p o s i t s . I n water r e s e r v o i r

d s c e r t a t n e d

n e c e s s i t y f o r a thorough study of t h e
and eng inee r ing p r o p e r t i e s o f t h e Huka F a l l s

Formation is i n d i c a t e d by t h e r e s u l t s o f t h i s s tudy.
Although n o t d e t a i l e d here , o t h e r compaction ca lcu la-
t i o n s by t h e a u t h o r (Robertson, 1984) indicate : t h a t
t h e r e is a l a t e r a l v a r i a t i o n c o m p r e s s i b i l i t y i n
t h i s format ion. Consider ing t h e and
temporal l i t h o l o g i c changes observed i n t h e “cores from
Wairakei and Tauhara, t h i s r e s u l t is s u r p r i s i n g .
As shallow, post- erupt ion l a c u s t r i n e sediments are
common i n t h e geothermal areas of t h e Taupo Volcanic
Zone, a s tudy of t h e Huka F a l l s Formation would have
i m p l i c a t i o n s f o r o t h e r geothermal f i e l d s ; i n
p a r t i c u l a r , t h e Ohaaki F ie ld .

A l a r g e p a r t of t h e product ion area a t lies at
a n e l e v a t i o n which i s o n l y a few meters above t h e
l e v e l of t h e Waikato River. Subsidence of a similar
o r d e r o f magnitude as t h a t which has occurred a t
Wairakei could. cause s u b s t a n t i a l f lood ing of t h e
product ion a r e a by t h e Waikato River. The l a c u s t r i n e
sediments a t Ohaaki, t e n t a t i v e l y c o r r e l a t e d wi th the
Huka F a l l s Formation, should be sampled and t e s t e d i n
o r d e r t o determine phys ica l
subsidence p r e d i c t i o n , t h e most important of t h e s e
p r o p e r t i e s is t h e u n i a x i a l compress ib i l i ty . Accurate
va lues f o r t h e c o m p r e s s i b i l i t y of a l l sha l low l a y e r s
are e s s e n t i a l f o r realist ic Subsidence p r e d i c t i o n .

A mathematical model of subsidence a t Wairakei i s
c u r r e n t l y underway. A realist ic model of t h e
subsidence a t Wairakei would be unique i n t h a t i t
would be t h e on ly such model t o p r e d i c t both t h e
l o c a t i o n of t h e subsidence, which is o f f s e t from t h e
main product ion area, and t h e magnitude of subsidence,
which does no t r e s u l t from r e s e r v o i r compaction i n t h e
main product ion zone- A realistic model would shed
some l i g h t on t h e n a t u r e of t h e rheology of t h e
shal low d e p o s i t s , which appears t o be very complex.

f u r t h e r d i s c u s s i o n of t h e requirements of such a
model, r e f e r t o Robertson (1984).
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