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GEOLOGIC CONTROLS ON SHALLOW HYDROLOGIC CHANGES

AT FIELD

R.G. A l l i s

Geophysics Division, D.S.I.R., Wairakei

ABSTRACT

A s i g n i f i c a n t dec l ine i n groundwater

l e v e l a t Wairakei has apparently only occurred

between t h e production boref ie ld and Geyser Valley,

and within t h e Karapi t i thermal area. Over most
of t h e production boref i e l d , groundwater

temperature is now a t bo i l i ng point f o r depth,
and the top of t h e steam zone which under l ies t h e
groundwater, is now near the top of the Huka
mudstone. Consideration of recent gravi ty
increases i n t h e production boref ie ld and
decreasing steam zone pressure, suggests the

permeabil i ty c o n t r a s t a t t h e t o p of t h e mudstone
i s now a con t ro l l i ng fac to r on t h e depth extent
of the steam zone. The only clear evidence of

cold groundwater movement towards the boref ie ld is
t o be found on t h e nor theas t boundary, near t h e

region of in tense subsidence.

INTRODUCTION

Drawdown of Wairakei f i e l d has caused a
steam zone t o form between t h e deeper l i q u i d
re se rvo i r and overlying groundwater. Although

deep l iqu id pressures have almost s t ab i l i zed ,
indica t ing mass flow equil ibrium, steam zone
pressures and groundwater l e v e l s within t h e
production boref ie ld are s t i l l decl in ing (Fig.
The continued f a l l i n steam zone pressures could be
caused by both downflowing groundwater and d i r e c t
exploi ta t ion .

the shallow hydrological changes, and inves t iga t e s

the re l a t i onsh ip between t h e steam zone and t h e

overlying groundwater.

This paper documents and analyses

GROUNDWATER LEVEL CHANGES

Groundwater l e v e l s have been measured
in t e rmi t t en t ly by M.W.D. s i nce 1954. These are
genera l ly i n w e l l s which range from 20 t o 50 m

deep. Weekly measurements during the e a r l y years
showed seasonal e f f e c t s could cause va r i a t i ons up

to about 1 m i n amplitude. This is probably t h e
minimum leve l change t h a t can be a t t r i b u t e d
t o exploi ta t ion .

S ign i f i can t changes i n water l e v e l appear t o

be confined t o the production boref ie ld and Geyser
Valley (Fig. 2 ) . Although w a t e r l e v e l w e l l s are
widely spaced ou t s ide t h e production bore f i e ld ,
these a l l show l i t t l e change. The continued flow
of spr ings immediately t o t h e w e s t , and northwest
of t h e production boref ie ld confirm t h i s

observation.
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Fig. 1: Pressure t rends a t d i f f e r e n t depths of

Wairakei f i e l d . Numbers i n brackets
a r e wel ls used f o r drawing t rends .

Maximum decl ine water l e v e l appears to
have occurred t h e v i c i n i t y of Geyser Valley

(Fig. 2 ) . Water l e v e l i n Champagne Cauldron was
measured down to 21 m below overflow i n 1966 before
it became inaccess ib le (Glover, Wairakei

Stream is now perched a s it flows through Geyser
Valley.
w e l l s c l o s e s t t o Geyser Valley was very irregular,
with short- term rises and f a l l s o f many metres
occurring. These f luc tua t ions probably ind ica t e

a c lose connection between t h e groundwater and t h e
deep rese rvo i r i n t h i s area. This may be due t o
t h e NE-trending f a u l t s which o r i g i n a l l y channelled
t h e ch lo r ide water towards Geyser Valley. The
la rge dec l ine i n chlor ide concentrat ion of deep
w e l l s i n t h i s area ( w e l l s 8 A , 21, during t h e

1960's a l s o r e f l e c t s flow of groundwater i n t o
t h e deep rese rvo i r .
bo re f i e ld , t h e rate of f a l l of groundwater l e v e l
has s t e a d i l y increased with t i m e .

The rate of f a l l of groundwater l e v e l i n

I n t h e eas t e rn production

Approximately 1 km downstream from Geyser
Valley, water l e v e l has r i s e n by over 5 m. This
is i n t h e region of maximum subsidence which now
exceeds 9 m ( A l l i s and Barker, 1982). Ponding of
the stream has flooded its val ley , and presumably

has also r a i s ed groundwater l e v e l thoughout t h e

area of in t ense subsidence.
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Fig. 2: Measured groundwater l e v e l changes i n t h e v i c i n i t y of the production boref ie ld .
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Fig. 3: .Temperature changes a t t h e w a t e r leve l i n groundwater wel ls i n t h e v i c i n i t y of
t h e production bore f i e ld .

Despite these water l e v e l changes, t he
regional hydraulic gradient i s s t i l l eastwards

towards Waikato River. However the re now a l s o
appears t o be a l o c a l nor theas t gradient across

the production bore f i e ld towards Geyser Valley.

GROUNDWATER TEMPERATURE CHANGES

During the 1950's and 1960's M.W.D. measured
groundwater temperature a t t h e water level .

Bottom-hole temperature i n these w e l l s w a s a l s o

meausred by G.E.K. Thompson i n 1968 (Geophysics
Division f i l e s ) .
1982 t o determine t h e ex ten t of changes (Fig.

A l l w e l l s were remeasured
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The temperature changes have been rounded t o the

neares t increment, i n l i n e with probable
uncer ta in t i es . The general p a t t e r n i s of la rge
temperature increases a t the water leve l . A

comparison of bottom-hole temperatures i n 1968 and
1982 confirms the trend of increasing steam heat ing

of t h e groundwater.
bore f ie ld , the groundwater is now a t bo i l ing po in t
f o r depth. Original ly the groundwater surface i n

t h i s a rea was around presumably because of
cross-flowing cool water a t shallow depth. The

area of g r e a t e s t temperature increase coincides

with the area of g r e a t e s t drawdown of groundwater.
There is no evidence of widespread invasion of
cold water flowing from Wairakei Stream i n Geyser

Valley towards the production boref ie ld . I n f a c t
the hydraulic gradient is probably i n
the reverse d i rec t ion . The two w e l l s c l o s e s t t o
Geyser Valley a r e r e l a t i v e l y shallow,

so cooler water could be present a t g rea te r depth.
W e l l has a negative temperature gradient .

I n the c e n t r a l production

The only evidence of s u b s t a n t i a l cooling was

i n one wel l (E) a t the eas te rn end of the product-
ion bore f ie ld . An inversion now e x i s t s i n t h i s

wel l , w i t h temperature decreasing from above

water l e v e l , t o i n t h e 2 m of water a t the
bottom of the well. In 1968, the temperature i n
the w e l l was a t The cool water i n
t h i s well is probably flowing from the southwest
towards Wairakei Stream. The temperature trend

with time i n t h i s w e l l follows the surface hea t
flow trend f o r a l l of Wairakei f i e l d .
1950's and e a r l y 1960's a la rge increase i n hea t
flow steam flow) took place. Subsequently,
surface hea t flow has declined a s the r a t e of

deep l i q u i d drawdown has declined.

During the

WELL 33

W e l l 33 is a 480 m-deep w e l l s i t u a t e d on the
northeast s i d e of Wairakei f i e l d (located on Fig. 3 ) .

With w e l l 32, 1 f u r t h e r north, it def ines the

only sharp pressure boundary known a t Wairakei
f i e l d . The w e l l s a r e cased i n t o the Waiora
formation and have shown only 2 bars of drawdown

since 1960. W e l l 33 is cold a t depth, but has a
warm zone within its casing, ind ica t ing it i s (or
was) on t h e edge of a shallow outflow zone of
the f i e l d . The w e l l showed a pronounced heating

pulse during the and subsequent cooling
and invasion by cold groundwater (Fig. 4 ) . In
1959 maximum temperature was around a t the

top of the Waiora formation.
rose t o during the m i d- 1 9 6 0 ' ~ ~but has
subsequently declined t o

suggests some permeabili ty a t t h i s depth, and cold
water is presumably now flowing towards the
production bore f ie ld . Conductive cooling is s t i l l

occurring i n t h e lower Huka formation because of

the low permeabili ty of the mudstone.
permeabili ty undoubtedly e x i s t s within the Huka
formation because d r i l l i n g f l u i d losses occurred,
and s i l i c i f i e d pumice breccia was encountered
over a 20 m i n t e r v a l a t 100 m depth (M.W.D. f i l e s ) .

Relat ively l i t t l e temperature change appears t o
have occurred a t t h i s depth since 1959.
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Fig. 4: C h a n g e s i n temperature p r o f i l e
well 33 since

Two hot spr ings o r i g i n a l l y ex i s ted i n the
sec t ion of Wairakei Stream between well 33 and the

production boref ie ld .
' sp r ings ' was st i l l occurring i n 1978 ( A l l i s , 1981).
However a subsequent r i s e i n water l e v e l of
Wairakei Stream appears t o have quenched these

fea tu res . This , and the temperature changes i n

w e l l 33 , suggest considerable cold water may now be
en te r ing Wairakei f i e l d on i ts northeastern f lank.

The cold water invasion may a l s o be contr ibut ing t o
the intense subsidence by the steam zone
i n , o r beneath the Huka formation i n t h i s l o c a l i t y

( A l l i s and Barker, 1982) .

Heat outflow from these

LOCATION OF THE GROUNDWATER-STEAM INTERFACE

Steam zone pressure has always been highest

i n the west of the f i e l d , decreasing towards the

production bore f ie ld (Grant, T h i s mostly
r e f l e c t s changing depth t o the base of the re la t ively 
impermeable Huka mudstones. In the f a r west (well

222) t h i s depth i s over 400 m below surface; i n
the production bore f ie ld it is l e s s than 200 m depth.
The i n i t i a l pressure of the steam zone which formed
beneath the Huka formation was c lose t o hydrosta t ic

from groundwater l e v e l ( 3 5 bars i n the bars
beneath the production b o r e f i e l d ) .

I n t h e production boref ie ld the Huka
formation i s r e l a t i v e l y t h i n and shallow, and a

d e l i c a t e balance e x i s t s between the steam zone and
the overlying groundwater.

t r a n s i t i o n between t h e two can be infe r red by

The depth of the
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extrapolat ing hydrosta t ic gradient downwards and

steamstatic gradient upwards.
r e l a t i v e l y sudden t r a n s i t i o n does e x i s t .
poss ib le that t h e t r a n s i t i o n is a c t u a l l y blurred

with l o c a l downflowing ' f ingers ' of water and

l o c a l upflowing ' f ingers ' of steam. However t h e
prevalence of bo i l ing po in t f o r depth condi t ions
i n t h e groundwater over much of the production
bore f ie ld suggests that steam flow upwards
dominates water flow downwards.

This assumes t h a t a
I t is

A typ ica l pressure gradient p r o f i l e beneath
t h e production boref ie ld is shown i n Fig. 5, and
is with the i n i t i a l p r o f i l e before
exploi ta t ion.
steam pressure gradient i n the western production
boref i e l d ( a f t e r Grant, 1982) and includes a s l i g h t l y
lower steam pressure i n t h e pumice breccia
beneath the eas te rn boref ie ld ,

The present day p r o f i l e has a

The t r a n s i t i o n from hydrosta t ic t o steam zone

pressure occurs a t t h e top of t h e Huka formation,

suggesting it is geological ly control led.
reason is c l e a r l y the l a r g e permeabili ty c o n t r a s t

a t t h e con tac t mudstone and pumice breccia.
Within t h e low permeabili ty any downward

f lux of water is apparent ly i n s u f f i c i e n t t o quench

steam-dominant conditions. The hydrosta t ic to
steamstatic t r a n s i t i o n there fore be s t a b l e a t

any depth within t h e mudstones, i ts loca t ion

depending mostly on steam zone pressure.
t r a n s i t i o n cannot move upwards i n t o t h e
r e l a t i v e l y permeable Wairakei pumice breccia
because t h e steam zone would be rap id ly quenched
by l a t e r a l groundwater flow.

The
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Fig. 5: Change i n pressure p r o f i l e beneath
production bore f ie ld due t o exp lo i t a t ion .

Typical geologic column a l s o shown.

The v e r t i c a l changes i n the steam zone

beneath t h e production boref ie ld are sketched i n
Fig. For s impl ic i ty the Huka formation is
depicted as a s i n g l e low permeabili ty layer

separat ing zones of high permeabili ty.

i n i t i a l rap id drawdown of the deep l i q u i d , the
steam expands predominantly downwards beneath
t h e Iow permeabili ty layer .
l i q u i d pressure decl ines
r a t e of steam pressure dec l ine , the steam zone

begins t o migrate upwards.
permeabili ty layer gradual ly occurs, Eventually
t h i s depressuring reaches the permeable ground-
water zone, and pressure changes i n the steam zone
are then seen a s water l e v e l changes i n t h e
groundwater.
l ayer , which would presumably allow downflow of

groundwater i n t o t h e s t e a m zone, would acce le ra te
pressure transmission t o t h e surface.

With

However a s t h e r a t e of
and is exceeded by the

Depressuring of the low

Local f a u l t i n g of the low permeabili ty

PRESSURE

permeabi l i ty

low

permeabi1it y

Fig. 6: I l l u s t r a t i o n of changes i n steam

zone caused by i n i t i a l rap id l i q u i d
drawdown followed by steam pressure

drawdown.

GRAVITY CHANGES

The sa tu ra t ion changes caused by an expanding
o r con t rac t ing steam zone a l s o cause grav i ty
changes. The grav i ty decrease, Ag, caused by
formation of a steam zone by a deep l iqu id pressure
drop, AP, w i l l be given by (modified from A l l i s ,

1981):
G -

2
where g = 9,8 m / s G = g r a v i t a t i o n a l constant
(6.67 x = porosi ty i n steam
zone; and So = r e s i d u a l saturat ion. Inse r t ing
values f o r the constants and expressing the
equation i n fami l i a r u n i t s gives:

= 0.434 -
The grav i ty changes a t Wairakei f o r the period
1961-1974 have been described by Hunt, (1977) (only

one grav i ty s t a t i o n has a pre- exploi ta t ion va lue) .
During t h i s period a l i q u i d drawdown of 15 bars
occurred across a c e n t r a l 10 area of Wairakei
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f i e l d . The grav i ty change across t h i s same area
ranged between-0.25 and-0.55 mgal. Applying the
above equation t o these changes gives - So) as
0.04 to 0.09. Since t h e average poros i ty of the

Waiora formation is around 0.25, So is the re fo re
0.6 to 0.8. This means that most of the pore
volume i n t h e steam zone w a s still l i q u i d- f i l l e d i n
1974.

Repeat g rav i ty readings have recen t ly been
made a t 5 benchmarks within t h e production bore-
f i e l d (pers. comm. A. Carman, Geophysics

D.S.I .R. . The grav i ty t rends f o r 3 of t h e bench-
marks are shown Fig. 7 (located i n Fig.
Gravity changes a t the o t h e r two benchmarks are
similar t o t h a t a t t h e benchmarks AA13 and A97
(s ince 1971, the t h e i r f i r s t measurement
the benchmarks are located between AA13 and

A smooth curve has been drawn through t h e
observed readings (g rav i ty values are r e l a t i v e t o

Taupo Fundamental value of 100 mgal).

then corrected f o r e levat ion change of t h e bench-
marks f i r s t measurement. A f u r t h e r
cor rec t ion w a s then made f o r t h e dec l ine i n ground-
water l e v e l i n t h e v i c i n i t y of the benchmark. The
correct ion w a s assumed t o be one dimensional,

This w a s

where dens i ty of w a t e r ; and Ah water l e v e l

decline.
depos i t s w a s assumed t o be 0.6, and So w a s assumed

to be 0.3, similar t o t h a t f o r s o i l s (Cherry and

Freeze, 1979).

The poros i ty of the surface pumice

I
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subsidence and

\groundwater l e v e l

corrected

subsidence

corrected

80

Benchmark AA21 i n t h e southwest of t h e

production bore f i e ld is t h e only one st i l l showing

decreasing gravi ty .
ind ica te increas ing grav i ty s ince the 1970's.
However t h e t i m e when t h e increase began, and the

rate of increase, vary g r e a t l y f o r each benchmark.
The average grav i ty increase s ince t h e e a r l y 1970's
a t these 4 benchmarks is mgal. The most
l i k e l y f a c t o r s causing t h i s increase are a
pervasive increase i n sa tu ra t ion of the steam zone;
decreas ing thickness of t h e steam zone, and a
la rge decrease i n temperature ( increase i n densi ty)

i n e i t h e r of t h e l i q u i d zones. The las t fac to r is
probably t h e least important because a la rge
temperature dec l ine of t h e deep l i q u i d zone has not

and i n general , shallow groundwater

temperatures have increased.

example however, i f groundwater is 100 m thick,
with an average temperature of o r ig ina l ly ,

subsequently, the increase i n grav i ty
would be about 0.1 mgal.

The o the r 4 benchmarks

A s an extreme

Possibly the main f a c t o r is decreasing

thickness of the steam zone.
continues t o f a l l while deep l i q u i d pressure
remains almost constant , t h e bottom of the steam
zone is r i s i n g w h i l e t h e t o p i s h e l d f ixed i n t h e
upper Huka formation. Decreasing grav i ty a t AA21
has a similar explanation.
production bore f i e ld , steam zone pressure increases

with depth, probably because of proximity t o the
l i q u i d upflow zone. Because steam pressure near
the t o p of t h e steam zone has f a l l e n a t a grea te r

rate than t h a t a t t h e bottom, the steam zone has
increased i n thickness, and grav i ty has therefore

decreased.

A s steam pressure

I n the western

87.

t

'80
year

60

4 . 5

60 70

Fig. 7: Gravity changes a t 3 benchmarks within the boref ie ld .
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HEAT FLOW CHANGES CONCLUSIONS

A de ta i l ed discuss ion of t h e hea t flow
changes a t Wairakei f i e l d has been given i n A l l i s

and space does not permit a review here.
However w h a t i s p a r t i c u l a r l y re l evan t t o t h i s
paper i s the cause
hea t flow a t Karapi t i thermal area (about 3

south o f the production bore f i e ld ) . Heat flow

t o a peak of 420 by t h e mid

and has subsequently decreased t o around
220 I n con t r a s t t o t h e rest o f Wairakei

f i e l d , t he re is no Huka mudstone here. Liquid

drawdown o f t h e deep rese rvo i r has probably

caused drawdown from t h e groundwater surface. The
heat flow pulse from t h e thermal area the re fo re
follows c lose ly t h e rate of l i q u i d drawdown

(Fig. This is due to ext ra bo i l i ng t h a t
occurs as t h e 2-phase l i q u i d zone migrates
downwards i n t o h o t t e r rock.

i n hea t flow
because of the increased flow of water
towards the production boref ie ld .
i n t h e upflow area w e s t of t h e production bore f i e ld ,
and flows towards Karapi t i i n t h e frac tured upper
p a r t of t h e Karapiti rhyo l i t e .

of the spectacular increase i n

A long-term increase
on t h e heat flow peak

Steam separates

The benchmarks around Karapiti a r e t h e only
ones a t Wairakei f i e l d f o r which t h e subsidence
m i m i c s t h e deep l iqu id pressure drop (Fig.
Over t h e rest of t h e f i e l d subsidence c o r r e l a t e s

with steam pressure decl ine .
thermal area , t h e lack of low permeabil i ty rocks
near surface has caused steam pressures t o remain

low, so l i t t l e compaction has occurred s ince deep
l iqu id pressure s t ab i l i zed i n the e a r l y 1970's.

Around Karapi t i

SUBSIDENCE AT
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Thermal Areal
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The changes that have occurred around

Karap i t i thermal area emphasize t h e important
inf luence of t h e Huka mudstone on near- surface
hydrology elsewhere a t Wairakei.
unclear is the r o l e of f a u l t s i n the mudstone, and

whether downflowing groundwater is a s ign i f i can t

component o f the hea t and mass budget of t h e f i e l d .
The genera l trend of increased surface heat flow

and increased groundwater temperature suggest t h a t
f l u i d flow i n t h e mudstone i s dominated by
upflowing steam r a t h e r than downflowing water. A
ca re fu l study of the rate increase of gravi ty and

t h e decrease of steam pressure i n t h e production

boref ie ld is required before downflowing ground-
water can be ruled o u t as a major cause of t h e
steam zone pressure decl ine . Such a study needs

to include t h e e f f e c t s o f upward movement of t h e

steam zone i n t o t h e higher poros i ty mudstones;
t h e bo i l i ng of re s idua l pore
temperature and pressure decl ines . Both f a c t o r s

should cause a decrease i n gravi ty , and may make
t h e observed grav i ty increases more s ign i f i can t .

What is st i l l

and

water as steam
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