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RECHARGE AT BROADLANDS

DETERMINED FROM GRAVITY MEASUREMENTS

Geophysics
P r i v a t e Bag, Zealand.

ABSTRACT

A r e v i s i o n o f p rev ious repeat g r a v i t y
measurements, made i n 1967 and 1974, shows that
f o r the period (du r ing which t i m e
drawdown tests were made) nega t ive g r a v i t y
d i f f e r e n c e s of abou t t o -1.2 ampli tude
occur red ove r a l l of t h e f i e l d . Simple
s u g g e s t s t h a t these d i f f e r e n c e s were the result of
a n e t loss of abou t 24-35 x kg, and hence
there w a s l i t t l e or no mass recharge .

Data from a r e c e n t survey made i n 1983, show
that for t h e period ( d u r i n g which t i m e
t h e r e was a reduced amount o f mass withdrawal)
p o s i t i v e g r a v i t y d i f f e r e n c e s of abou t 0.4

ampl i tude occurred i n most parts of t h e field.

Model l ing sugges t s these d i f f e r e n c e s r e s u l t e d from
a n e t mass a i n o f abou t 1 1 x kg, and hence
t o t a l natura? recha rge w a s abou t 25 x kg.

During both periods there w a s mass loss from a
large area west of the field, the cause of which
i s unknown. Elsewhere, o u t s i d e the f i e l d , t h e r e
have been no s i g n i f i c a n t changes.

INTRODUCTION

P r e c i s e g r a v i t y measurements were made i n and
around Broadlands Geothermal F i e l d i n
1967 and 1974 to determine n e t mass changes and
t h e amount of recharge i n t o t h e f i e l d fo l lowing
test d i scha rges i n t h e late and e a r l y
1970's. The r e s u l t s of these measurements were
equ ivoca l , b u t suggested t h a t a t least 50% of t h e
35 x o f water (bo th l i q u i d and
withdrawn w a s r ep laced (Hunt and Hicks,
Hunt, . Between 1974 and 1983 o n l y a f u r t h e r
14 x of water w a s withdrawn 2) and
a n o t h e r g r a v i t y survey w a s made i n April-May 1983
t o de te rmine t h e r e s u l t i n g mass changes.

T h i s paper g i v e s rev i sed r e s u l t s f o r
g r a v i t y measurements f o r 1967-1974, t oge the r wi th
some pre l imina ry r e s u l t s f o r a f u l l
accoun t of the methods used and i n t e r p r e t a t i o n of
t h e r e s u l t s be publ ished elsewhere .

GRAV ITY MEASUREHENTS

The g r a v i t y measurements w e r e made on
permanent, conc re t e benchmarks wi th a La Coste and
Romberg G-type g r a v i t y meter. In t h e 1974 and
1983 su rveys m o s t benchmarks w e r e occupied t h r e e
t i m e s , and a looping technique used to

i n s t rumen t d r i f t e r r o r s and t o i d e n t i f y tares and
b lunde r s . Grav i ty values were computed us ing t h e
method desc r ibed by which
d i s t i n c t improvement over t h a t used prev ious ly
because a l l t h e i n a survey a r e

a s e t , no t j u s t each days measurements.
A l l v a l u e s were computed r e l a t i v e .to benchmark

on the south-west of the
f i e l d 1 ) .

GRAVITY DIFFERENCES

Dif fe rences i n the va lue of g r a v i t y a t a

benchmark, between be caused by
changes i n e l e v a t i o n of t h e benchmark and i n near-
s u r f a c e groundwater l e v e l i n a d d i t i o n to n e t mass
changes i n nea r the geothermal reservoir.
S ince of the g r a v i t y is to
determine mass changes i n the reservoir, the

a f f e c t . of other changes must be determined and
allowed f o r i f possible.

ground "subsidence h a s occurred t h i n the
field, i n Ohaaki area [Hunt and Hicks,

S. Currie, and most ly between
1968 and 1972 when the rata of w i t h d r a w a l was
greatest. Elevat ion changes, relative to that of
the g r a v i t y base computed f o r the
periods 1967-1974 and 1974-1983 us ing data

by Mini s t ry of Works and Development, and
the corresponding g r a v i t y e f c a l c u l a t e d u s i n g
the normal g r a d i e n t of 3.086 per
metre o f subsidence. The change a t a
g r a v i t y benchmark was a subsidence o f 0.160 a t
8336 i n the Ohaaki area (Fig. f o r t h e pe r iod
1967-1974; this corresponds to an i n c r e a s e i n
g r a v i t y of abou t 0.5 The g r a v i t y e f f e c t s
of most e l e v a t i o n changes however are less t h a n
0.2 Gravity d i f f e r e n c e s c o r r e c t e d f o r the
e f f e c t of subsidence are referred to as corrected
g r a v i t y d i f f e r e n c e s .
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1: Map showing t h e l o c a t i o n and e x t a n t of
t he Broadlands (Ohaaki) Geothermal and

t he Ohaaki and Broadlands parts the F i e l d .
The hatched zone i n d i c a t e s t h e r e s i s t i v i t y
boundary of t h e f i e l d (from Risk,
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sha l low groundwater l e v e l s i n
t h e Broadlands area have been made i n f r e q u e n t l y
s i n c e 1967 measurements are i n t h e

Ohaaki a r e a and were made p r i o r t o 1979. The
d a t a a v a i l a b l e i n d i c a t e t h a t t h e r e have been no
s i g n i f i c a n t 2 changes of groundwater level,
e x c e p t i n the c e n t r a l part o f the
d u r i n g the period 1967-1974; t h e e f f e c t of such
changes t h i s area be cons idered later.

O t h e r changes which cause g r a v i t y

d i f f e r e n c e s inc lude changes topography, changes
in t empera ture of the groundwater ( A l l i s and

and u n c e r t a i n t i e s i n the
of the g r a v i t y t h e e f f e c t s of

t h e s e have been i n v e s t i g a t e d and found to be
n e g l i g i b l e .

Since t h e benchmark used as the g r a v i t y base
lies on t h e boundary of the f i e l d t h e ques t i on
arises as to whether g r a v i t y va lues a t this p o i n t
(and hence the g r a v i t y d i f f e r e n c e s ) have k e n
i n f l u e n c e d by mass changes wi th in t h e f i e l d .

no l a r g e or changes
t h e f i e l d a rough check on this can

be made by the value of c o r r e c t e d
d i f f e r e n c e s a t ' o u t s i d e the

f i e l d . the per iod 1967-1974 t h e mean va lue is
-0.06 0.43) and for 1974-1903 it

nega t i ve d i f f e r e n c e
i n d i c a t e s a observed g r a v i t y wi th
t i m e ) . v a lue s are small, sugges t i ng t h a t
t h e g r a v i t y base has  no t  been in f luenced
s i g n i f i c a n t l y by mass changes i n t h e f i e l d .
However , as w i l l later shown, some areas of
n e g a t i v e d i f f e r e n c e do occur o u t s i d e t h e
f i e l d , b u t i f these are d i scoun t ed t h e mean va lues
l i e close to zero.

CORRECTED GRAVITY DIFFERENCES

corrected g r a v i t y for the period
1967-1974 a r e n o t as r e l i a b l e as those f o r

because, i n in s t ances , one
g r a v i t y observa t ion w a s made dur ing t h e 1967
survey, r a t h e r than t h r e e dur ing t h e 1974 and 1983
surveys . The s tandard e r r o r of t he
d i f f e r e n c e s 0.25 f o r the period 1967-1974

0.18 f o r bu t a of
t h e d i f f e r e n c e s a t ad j acen t sugges ts
that the accuracy of the d i f f e r e n c e s i s probably
abou t fO.4 Because the d i f f e r e n c e s are
g e n e r a l l y small and va r i ab l e , it is
impossible to contour them with confidence,
however, t h e d i f f e r e n c e s f o r both per iods show
simple and c o n s i s t e n t (Pig.

1967-1974

1. d i f f e r e n c e s occur t he whole of
the f i e l d wi th a maximum amplitude of about -1

,

2. Grav i ty d i f f e r e n c e s the area are
to those in the Broadlands area (mean

o f 12 -0.7, that of 10
Broadlands values -0.6

N e g a t i v e d i f f e r e n c e s , o f amplitude,
extend a t least 2 of the f i e l d i n the
Tahorakurf F o r e s t area.

1974-1983

1. P o s i t i v e d i f f e r e n c e s occur i n most parts of
the f i e l d and extend about 1 beyond t h e
f i e l d boundary to the nor th and south.

ampl i tude of positive d i f f e r e n c e s is about

2. Grav i ty d i f f e r e n c e s i n the Ohaaki area are
a g a i n to those i n t h e Broadlands a r e a
(mean of Ohaaki va lues i s t h a t of 13

Broadlands values .
3. Negative d i f f e r e n c e s occur i n a north- south

t r end ing belt west of t he f i e l d i n the
Fore s t area.

4. Negative d i f f e r e n c e s of up to
ampl i tude a l s o occur i n the nor th- eas t p a r t of
t h e f i e l d near
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During this period, which inc ludes t h a t of
g r e a t e s t withdrawal the co r r ec t ed
g r a v i t y d i f f e r e n c e s are negat ive i n d i c a t i n g
a mass loss. The negat ive d i f f e r e n c e s occur
n o t on ly over t he whole area of t h e f i e l d , but
also extend a cons iderable d i s t a n c e west of
the f i e l d (although here they are of much smaller
magnitude .

the cor r ec t ed d i f f e r e n c e s are small
(compared say, those measured a t Wairakei) ,
and d i f f i c u l t to contour, it is imposs ib le to
determine accu ra t e ly t h e mass loss us ing
Gauss 's 19701. a rough
estimate of t h e n e t mass loss can made by

the d i f f e r e n c e s a long a p r o f i l e through

t h e f i e l d (Line Fig. D i f f e r ences a long
this p r o f i l e have a broad with an
ampl i tude of between -0.8 and -1.2 (Pig.
Assuming t h a t the n e t mass loss from t h e f i e l d can
be modelled by of va r ious s i z e s and
d e n s i t y c o n t r a s t , the g r a v i t y e f f e c t s o f c y l i n d e r s
r e p r e s e n t i n g l i k e l y models f o r withdrawal were
computed 19691 on a t r i a l and error
basis. Cons t r a in t s placed on the models were that
mass withdrawal occurred over an area of r a d i u s a t
least 1.5 over most the f i e l d ) b u t no t
from dep ths less than 500 ( t o p of the product ion
zone) . fits between t h e measured d i f f e r e n c e s
and t h e computed e f f e c t s were obta ined f o r models

s u r f a c e a t a depth of 500 and having d e n s i t y
c o n t r a s t s of between -16 and -25
These va lues of d e n s i t y c o n t r a s t correspond t o n e t
mass losses of 24-35 x kg. Other models
hav ing smaller d e n s i t y c o n t r a s t less n e t
mass loss), or h o r i z o n t a l e x t e n t , d i d no t
have s u f f i c i e n t g r a v i t y e f f e c t to match t h e
observed g r a v i t y d i f .

r a d i u s 1.5 200 upper
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.hallow d r i l l h o l e s ad j acen t t o bores
4, and 1 1 (Pig. with water

l e v e l measurements in t h e Ohaaki (Pig.
have shown t h a t t h e shallow grounduater l e v e l i n
t h e central part of the Ohaaki a r e a has dropped by
up to 7 b u t no g r a v i t y measurements were made
t h i s part of the area. The greatest d i f f e r e n c e

occurs a t H340 near in the

south-west part of the Ohaaki area, and several
d i f f e r e n c e s a t nearby benchmarks are more than
-0.8 which that part of these
measured d i f f e r e n c e s may due to the drop i n
groundwater level. However, t h e s c a r c i t y of
g r a v i t y and w a t e r level d a t a rakes it d i f f i c u l t to
determine q u a n t i t a t i v e l y propor t ion of the
measured d i f f e r ences is due t o ground water level
changes , and how much is due to n e t loss from

the rese rvo i r ; f o r t h e purposes of this paper the
of groundwater level changes the Ohaaki

area have t h e r e f o r e been ignored.

The simple modelling desc r ibed above sugges t s
t h a t 1967 and 1974 about one t h i r d or less
o f the 35 x of f l u i d removed from the
Broadlands f i e l d was replaced. This r e s u l t
d i f f e r 8 those prev ious ly given (Hunt and

that the total mass withdrawn dur ing t h i s
period is relative to that taken du r ing a
similar period from Wairakei and t h e
associated g r a v i t y d i f f e r e n c e s are b a r e l y. Furthermore, t h e r ev i s ed
d i f f e r e n c e s given he re sugges t that withdrawal
occu r r ed ove r a much larger area than previous ly
considered. new r e s u l t sugges t s t h e
o f the Broadlands f i e l d du r ing 1967-1974 was
similar t h a t a t Wairakei dur ing
(Hunt, du r ing i n i t i a l e x p l o i t a t i o n any
recha rge small.

however,

1974-

.
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30
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4: amounts f l u i d withdrawn from deep i n t h e
Broadlands f i e l d t h e periods 1967- 1974 and 1974- 1983. Solid circles i n d i c a t e produc t ion
w e l l s , open wells; numbers i n d i c a t e t h e d r i l l h o l e number. The broken Line
i n d i c a t e s t h e boundary of t h e f i e l d .

withdrawn taken from Ohaaki p a r t of t h e f i e l d , b u t d u r i n g e q u a l
amounts were taken from t h e Ohaaki a r e a s .

Note t h a t d u r i n g t h e period 1967-1974 m o s t of
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Fig. 5: Corrected g r a v i t y d i f f e r e n c e s along p r o f i l e A-B-C (see S o l i d d o t s i n d i c a t e
t h e va lues of d i f f e r e n c e ; the bars on t h e s e dots the c a l c u l a t e d s t anda rd errors of the d i f f e r e n c e s .
The l i n e s i n d i c a t e t h e computed g r a v i t y e f f e c t s of withdrawing va r ious amounts of
from t h e c y l i n d e r model shown. ha tched area shows the of t h e boundary of t h e f i e l d
r e l a t i v e t o the m o d e l .

One Fmportant r e s u l t of the data. i s that n o t
o n l y d i d mass changes occur throughout the f i e l d ,
b u t also i n l a r g e area o u t s i d e t h e f i e l d
boundary. If t h e changes o u t s i d e were n o t due to
sha l low groundwater l e v e l changes, then it appears
t h a t t h e e f f e c t s of mass withdrawal from t h e
Ohaaki area extend over a much l a r g e r area than
t h e f i e l d i t s e l f . This is c o n s i s t e n t wi th t h e
r e s u l t s of a r e c e n t i n t e r f e r e n c e test i n which t h e
response of ( f e e d dep th 420 t o a d i s c h a r g e
from BR40 showed no obse rvab le boundary e f f e c t
w i t h i n a r a d i u s of 2.5 of e i t h e r bore

, 1984 .
MASS CHANGES

Changes w i t h i n t h e f i e l d

During this period mass withdrawal
field cont inued, though a reduced amount

w a s taken. t h e g r a v i t y d i f f e r e n c e s
o v e r most of the f i e l d are i n d i c a t i n g
n e t mass gain; hence recharge exceeded mass
withdrawn, presumably i n response to t h e f i e l d-

d e p l e t i o n which occured t h e period
1967-1974.

The g r a v i t y d i f f e r e n c e s are small and
d i f f i c u l t t o contour . Values a long A-B-C

(F ig . have a maximum wi th an ampli tude of
a b o u t C a l c u l a t i o n s us ing t h e
mode l l ing and c y l i n d e r model desc r ibed

t h a t t h e n e t mass g a i n i n
the f i e l d kg, hence t h e t o t a l
n a t u r a l mass recharge was about 25

However, t hese easily be i n e r r o r
as much as 5 0 % .

Only i n the corne r of t h e f i e l d ,
near are the g r a v i t y d i f f e r e n c e s negat ive ,
i n d i c a t i n g a cont inued n e t mass loss from this

area. reason f o r this loss i s n o t clear.
There no s i g n i f i c a n t d i scha rge from e i t h e r o f
t h e two i n the area and
u n f o r t u n a t e l y there are no groundwater l e v e l d a t a
f o r the area. Groundwater l e v e l s i n the shal low
moni tor h o l e on t h e edge of the area, f e l l
by a b o u t 1.5 b u t such a drop not to
accoun t f o r t h e observed d i f f e r e n c e s of up t o -0.5

Changes o u t s i d e t h e f i e l d

S i g n i f i c a n t nega t ive g r a v i t y d i f f e r e n c e s ( u p
t o -1 i n magnitude) appear t o have occurred

a n area west of the f i e l d , i n d i c a t i n g water
con t inued to be l o s t from t h i s a r e a .

t h e e x t e n t of these nega t ive
d i f f e r e n c e s is no t known, p a r t i c u l a r l y a
w e s t d i r e c t i o n . It is p o s s i b l e t h a t t h e s e
d i f f e r e n c e s r e f l e c t a d rop i n t h e shal low
groundwater level t h e area drop of abou t
5-10 m be r equ i r ed t o exp la in the observed
g r a v i t y d i f f e r e n c e s ) b u t no water level
measurements are a v a i l a b l e the area.
However, groundwater l e v e l s i n two, nearby,
shal low ho les , s i t u a t e d about 1 km w e s t of
p o i n t P and 1 south-west of Trig 1779 (Fig.
d u r i n g t h e pe r iod and i n 1983, showed no
changes g r e a t e r than ( seasona l v a r i a t i o n s ) .

d a t a sugges t t h a t groundwater l e v e l changes
are u n l i k e l y t o the Cause of t he neqa t ive
d i f f e r e n c e s i n area, and t h a t the source of
t h e d i f f e r e n c e s must lie much deeper. The
magnitudes and e x t e n t t h e negat ive d i f f e r e n c e s
a r e s imilar to those of the d i f f e r e n c e s
observed wi th in t h e f i e l d and it is tempting t o
s p e c u l a t e t h a t t h e two mass changes a r e
a s s o c i a t e d ; hope fu l ly , w i l l

f y
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Elsewhere, o u t s i d e t h e f i e l d , the g r a v i t y
d i f f e r e n c e s are and v a r i a b l e and l i t t l e can
be deduced It should be noted, however,
t h a t a s s o c i a t e d w i t h
most of t h e f i e l d to extend up to
beyond t h e f i e l d boundary to t h e n o r t h and
t h i s nay sugges t that the r e s e r v o i r extends , a t
dep th i n these d i r e c t i o n s .

1. During the period of t e s t i n g
geothermal f l u i d was

of t he f i e l d and t h e r e l i t t le
recharge. In a d d i t i o n water lost
from a n a r e a o u t s i d e and of the f i e l d .

2. dur ing t h e of
w i t h d r a w a l n a t u r a l recharge
exceeded t h e amount of withdrawal over
most of t h e f i e l d . However, water cont inued
to be lost from the n o r t h - e a s t e r n part of t h e
f i e l d and from o u t s i d e and of the f i e l d .

The data c l e a r l y show t h e need f o r g r a v i t y ,
l e v e l l i n g , and sha l low groundwater level

to be made a t r e g u l a r
a t places o u t s i d e the f i e l d as w e l l as with in .

I thank: D. Graham and f o r
a s s i s t a n c e i n t h e f i e l d ; S. Cur r i e , Carey

and K. Brown f o r h e l p i n recomputing t h e
benchmark l e v e l s.
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