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SEISMIC MONITORING DURING A COLD WATER INJECTION

EXPERIMENT, WAIRAKEI GEOTHERMAL FIELD: PRELIMINARY RESULTS 

Steven S h e r b u r n

G e o p h y s i c s Division, D.S.I.R.; W a i r a k e i , P r i v a t e Bag, Taupo.

ABSTRACT

A microearthquake s u r v e y showed t h a t induced

seismic a c t i v i t y o c c u r r e d d u r i n g cold water
i n j e c t i o n tests a t Wairakei Geothermal F i e l d .

Over a s i x week period more t h a n 120

microear thquakes were recorded; 90 o f  t h e s e  
o c c u r r e d d u r i n g the n i n e d a y s o f i n j e c t i o n tests.
N o simple c o r r e l a t i o n between t h e occur rence o f
seismic a c t i v i t y and rate o f i n j e c t i o n , well head

or s t e p i n c r e a s e s i n i n j e c t i v i t y w a s
observed.  Nineteen microear thquakes were l o c a t e d ;
t h e i r e p i c e n t r e s hav ing a roughly e l l i p t i c a l

d i s t r i b u t i o n w i t h t h e major a x i s i n a NE-SW

d i r e c t i o n . E p i c e n t r e s w e r e u p to 3.3 km from t h e

i n j e c t i o n s i t e , t h e more d i s t a n t o c c u r r i n g o u t s i d e
t h e f i e l d boundary. The observed v a l u e o f 0.6

f o r t h e microear thquakes is t y p i c a l of normal
t e c t o n i c ear thquakes .

INTRODUCTION

A s part of a n i n v e s t i g a t i o n i n t o i n j e c t i o n of

w a s t e water from t h e Wairakei Geothermal F i e l d a
tes t i n j e c t i o n well, was d r i l l e d . The

to t a l d e p t h w a s 1450 m, w i t h t h e w e l l cased to 80

m. A s t a n d a r d complet ion test , c a r r i e d o u t on

1984 16, i n d i c a t e d r o c k s encounte red by the

w e l l had l o w p e r m e a b i l i t y e x c e p t f o r a s i n g l e
major permeable zone a t 1311 About s i x weeks
la ter t w o c o l d water i n j e c t i o n tests were
made t o i n v e s t i g a t e longer term i n j e c t i v i t y

c h a r a c t e r i s t i c s . Leaver d i s c u s s e s the
comple t ion and i n j e c t i o n tests, n o t i n g that
i n j e c t i o n c a p a c i t y a t 20 WHP (bars gauge well
head p r e s s u r e ) improved
a t of c o l d water. A t 1311 m, t h e
maximum e x c e s s pore p r e s s u r e w a s a b o u t 52
P r e c i s e l e v e l l i n g ( C u r r i e , 1984) showed ground

i n f l a t i o n of up t o 40 mm a t t h e end of t h e second
i n j e c t i o n t e s t , wi th t h e e f f e c t of i n j e c t i o n on

l e v e l s e x t e n d i n g a t l e a s t 500 m from

The low p e r m e a b i l i t y of t h e rocks meant h i g h
i n j e c t i o n p r e s s u r e s would be n e c e s s a r y , and

t e d induced s e i s m i c i t y might occur .
Although microearthquake a c t i v i t y a s s o c i a t e d w i t h
i n j e c t i o n h a s  n o t  b e e n recorded b e f o r e N e w
Zealand it has been d e t e c t e d i n s e v e r a l areas
o v e r s e a s , i n both geothermal:  Southern Negros

(Bromley and L a r d e r e l l o
Geysers ( B u f s a n d Sheare r ,

and non- geothernal Denver (Healy, e t

Hunt and Latter a f i v e week

microear thquake survey a t Wairakei . They
concluded seismic a c t i v i t y occur red mainly i n
s w a r m s a t s h a l l o w depths i n c l o s e t o
t h e Taupo B e l t .

located w i t h i n 6.5 km of t h e b o r e f i e l d w a s of

magnitude 1.25, and t h e b-value f o r t h e

e a r t h q u a k e s i n this reg ion w a s found to be 0.7

0.2.
Wairake i f i e l d had n o t caused a large i n c r e a s e o r

d e c r e a s e i n seismic a c t i v i t y w i t h i n or n e a r t h e

f i e l d .

The l a r g e s t microearthquake

They concluded t h a t p r o d u c t i o n from t h e

To i n v e s t i g a t e any seismic a c t i v i t y a s s o c i a t e d

w i t h t h e  i n j e c t i o n  tests f i v e p o r t a b l e
microear thquake r e c o r d e r s w e r e i n s t a l l e d around

t h e i n j e c t i o n i n a d d i t i o n to t h e permanent

seismograph a t Power S t a t i o n
However, is a i n s t r u m e n t and recorded

o n l y t h e largest microearthquakes,  even though it
i s o n l y 200 from t h e i n j e c t i o n site. The
closest portable r e c o r d e r was 700 m from t h e

i n j e c t i o n site and t h e f u r t h e s t a b o u t 3 km away.
p o s i t i o n s of some r e c o r d e r s were between

i n j e c t i o n .tests. Recording began on June 12. The

f i r s t i n j e c t i o n test began on June 26 and
c o n t i n u e d f o r t h r e e days; the second test began on 
J u l y 18 and cont inued f o r s i x days.

tests i n j e c t i o n w a s almost cont inuous . Recording
c e a s e d and t h e r e c o r d e r s were removed on J u l y 26.

During both

MICROEARTHQUAKE ACTIVITY

A p r e l i m i n a r y microearthquake survey  us ing  

o n l y i n s t r u m e n t , i n a d d i t i o n to was made

d u r i n g  t h e  14 hour complet ion test a t on May
16. microearthquake w a s recorded which had an
S-P i n t e r v a l of 0.8 and w a s f e l t a t Wairakei ,
b u t it is n o t clear i f it r e l a t e d t o the

comple t ion test.
During t h e main survey one r e c o r d e r , Wk35

(Fig. w a s opera ted f o r t h e f u l l 44 days. A

h i s t o g r a m of microearthquake a c t i v i t y , recorded a t
.is shown i n Fig. 2. T h i s shows t h a t t h e r e

w a s a s i g n i f i c a n t v a r i a t i o n i n s e i s m i c i t y with

t i m e and t h a t i n j e c t i o n c l e a r l y induced s e i s m i c

a c t i v i t y . Induced microearthquakes recorded a t
t y p i c a l l y had S-P i n t e r v a l s of 0.6 1.0
c o n s i s t e n t wi th them being l o c a t e d c l o s e t o

t h e  i n j e c t i o n  si te. During t h e two tests t h r e e
microear thquakes were f e l t a t t h e Wairakei Tower

S t a t i o n and Wairakei V i l l a g e . During t h e 44 day
p e r i o d , 124 e v e n t s (of S-P 3.0 were

recorded ; an average of 1 0 per day when i n j e c t i o n
was t a k i n g  p l a c e  and only per day o t h e r
t i m e s . During i n j e c t i o n  t h e  microearthquakes
o c c u r r e d a t i n t e r v a l s ; events showed

i n t i n e ( n o t r e s o l v a b l e 2 ) wi th
up to 5 w i t h i n s i n g l e minute a t

one was a l s o i n

periods n o t h

e v e n t s = 1.7 i n any

no m o r e
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F i g . 1 : of microearthquakes l o c a t e d i n j e c t i o n .

Epicentres 1- 5 occurred durinq t h e f i r s t i n j e c t i o n t e a t ,

dur ing  the  second; 1 1- 1 6 between 1 0 3 4 and 1 0 3 H o n J u l y 20 and

1 8- 1 9 on July A l l c a l c u l a t e d w i t h depths r e s t r i c t e d

to or 1 . 0 N o t p o r t a b l e recorder sites are shown h a r e . The

hatched region the boundary of the f i e l d , (Risk,
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S e i s m i c i t y d i d n o t  i n c r e a s e  immediately on 

commencement of i n j e c t i o n , f o r t h e f i r s t test
t h e r e was a 23 hour d e l a y and a 9 hour d e l a y f o r

t h e second test. The d e l a y i n t h e commencement of
induced s e i s m i c i t y may be l i n k e d to t h e volume o f

i n j e c t e d .
may have to be exceeded o v e r a c e r t a i n s u r f a c e
area o f  f r a c t u r e s  b e f o r e induced s e i s m i c i t y
beg ins ;  such  an  area w i l l be r e l a t e d to t h e volume
o f f l u i d i n j e c t e d .
o f f l u i d (average WHP 15 and d u r i n g t h e
second test 6067 o f f l u i d (average WHP 27
w a s i n j e c t e d b e f o r e induced s e i s m i c i t y was
r e c o r d e d.

A c e r t a i n e x c e s s pore p r e s s u r e

During t h e f i r s t test 3310

During t h e i n j e c t i o n tests t h e r e does n o t
a p p e a r to have been any simple coinc idence i n
t i m e between the occur rence of microear thquakes
and w e l l head p r e s s u r e , and s t e p- l i k e
i n c r e a s e s i n A more d e t a i l e d

examina t ion  of  t h i s d a t a will be made i n t h e
f u t u r e.

On the c e s s a t i o n  o f  b o t h i n j e c t i o n tests
microear thquake a c t i v i t y w i t h an i n t e r v a l
t y p i c a l o f induced e v e n t s ceased immediately.

Between i n j e c t i o n tests o n l y one microearthquake

w i t h t h e t y p i c a l S-P i n t e r v a l was recorded;

w a s l o c a t e d i n t h e b o r e f i e l d .
this

I N J E C T I O N

MICROEARTHQUAKE LOCATIONS

A s i x p lane l a y e r  v e l o c i t y  model (Table 1)
d e r i v e d from local w e l l geology (Grindley,  1965),
fo rmat ion d e n s i t i e s , and u l t r a s o n i c v e l o c i t y
measurements ( S t e r n , w a s used i n de te rmin ing
microearthquake l o c a t i o n s . I n  s e t t i n g  up t h e

model a c o n s t a n t P to S rat io of 1.73 w a s

adopted. The m o d e l d i f f e r s s l i g h t l y from t h a t used
by Hunt and Latter b u t a t this stage is
s t i l l

Of t h e 124 microearthquakes recorded 19 were
l o c a t e d (Fig. and t h e accuracy of l o c a t i o n f o r
most of t h e s e ear thquakes is E p i c e n t r e s

w e r e c a l c u l a t e d assuming f o c a l dep ths of 0.5 km
and 1.0 km and t h e best s o l u t i o n t h e

p o s i t i o n s f o r t h e s e s o l u t i o n s  d i f f e r e d  a t most by
a b o u t 400 m. Genera l ly travel-time r e s i d u a l s were
less than 0.1 5

Epicen t res f o r both i n j e c t i o n tests occur red

w i t h i n a roughly e l l i p t i c a l zone, 4 by 1.5

w i t h the major axis a l i g n e d i n a NE-SW d i r e c t i o n
(Pig . The major axis of t h e zone is roughly
paral lel t o t h e major f a u l t s i n t h e Taupo F a u l t

B e l t (Grindley,

The i n j e c t i o n s i te was s i t u a t e d i n t h e part
of t h e zone. There appeared to have been some

m i g r a t i o n of e p i c e n t r e s  d u r i n g  t h e  to ta l i n j e c t i o n

t i m e ; i n g e n e r a l later e p i c e n t r e s occur red

f u r t h e r from the i n j e c t i o n site. I n p a r t i c u l a r ,

microearthquakes forming p a r t of a group o f a t
least 15 t h a t occur red between 1034 and 1051 hrs
on J u l y (Universa l Time) l a y almost NE of
any p r e v i o u s l y loca ted e v e n t s .

INJECTION

1

1 2 15 2 0 2 5 30 1 5 July 2 0 25
T i m e

2 : of t h e number of m i c r o e a r t h q u a k e s at

during t h e moni to r period.

less t h a n 1.5 5 km bars e v e n t s of

S-P i n t e r v a l between 1.5 and 3.0 5-13

periods shown.

bars e v e n t s S-P i n t e r v a l

,
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TABLE 1: V e l o c i t y model adopted t o determine

l o c a t i o n s of microearthquakes recorded d u r i n g
i n j e c t i o n t e s t i n g . The v e l o c i t i e s f o r t h e

Waiora Formation are n o t in tended t o

cor respond t o i n d i v i d u a l members of t h a t
forma t i o n .

1. I n j e c t i o n of c o l d water induced seismic

a c t i v i t y.
2. The induced s e i s m i c i t y d i d n o t

immediately on t h e commencement of i n j e c t i o n ,

bo th pore p r e s s u r e and o f
rock a f f e c t e d by i n j e c t i o n nay have to

reach crit ical v a l u e  b e f o r e  s l i p p a g e  
c o u l d occur .

Rock U n i t P-wave v e l o c i t y Mode t h i c k n e s s

S u p e r f i c i a l a s h

and pumice

0.85 0.1

3. During i n j e c t i o n , t h e occur rence of

microearthquakes c l u s t e r e d i n t i m e and
e x h i b i t e d a similar manner t o that observed a t

o t h e r times.
Huka F a l l s
Formation

2.2

Waiora
Formation 1

2.5
4. When i n j e c t i o n stopped t h e induced

a c t i v i t y s topped immediately.

0.7Waiora
Formation 5. The induced s e i s m i c i t y d i d n o t appear t o be

a f f e c t e d by changes i n t h e rate of i n j e c t i o n ,
w e l l head or i n c r e a s e s i n
i nj e c t i v i t y .3 . 3 0.8

h a l f -space

Wairakei

I g n i m b r i t e

6 . Many of t h e induced e a r t h q u a k e s that were
l o c a t e d  o c c u r r e d  o u t s i d e t h e boundary of t h e
f i e l d . The e p i c e n t r a l r e g i o n w a s o r i e n t e d
parallel to the Taupo F a u l t B e l t sugges t ing

ear thquakes r e s u l t e d from s l i p p a g e along

e x i s t i n g  f r a c t u r e s .  

'basement' 4.5

MAGNITUDES AND

Determina t ion  of  a b s o l u t e magnitudes i s n o t

y e t p o s s i b l e ; t h e p o r t a b l e r e c o r d e r s must f i r s t
be c a l i b r a t e d a g a i n s t r a g n i determined from

U n f o r t u n a t e l y a l l t h e induced
microear thquakes  occur red  too close t o to

a l l o w magnitudes t o be c a l c u l a t e d , b u t hoped
t o calibrate t h e p o r t a b l e r e c o r d e r s us ing more
d i s t a n t e a r t h q u a k e s recorded d u r i n g t h e s i x week
moni tor ing p e r i o d .

7 . The d i s t a n c e of e p i c e n t r e s from t h e  i n j e c t i o n  
s i t e g e n e r a l l y i n c r e a s e d  w i t h  t i m e dur ing the

i n j e c t i o n tests.

8 . The b-value is similar t o t h a t of

t e c t o n i c ear thquake sequences i n t h e

a r e a.
For t h i s paper r e l a t i v e magnitudes have been 

c a l c u l a t e d u s i n g a d u r a t i o n measurement and t h e
formula 2 l o g T d u r a t i o n seconds)

which is r e p r e s e n t a t i v e of  such formulas a l r e a d y

publ i shed . a d d i t i v e c o n s t a n t w i l l need to be

a p p l i e d ,  p o s s i b l y  a b o u t - 2 making t h e  a b s o l u t e  
magnitude o f t h e l a r g e s t microearthquake a b o u t
one. work on t h e of e v e n t s

w i l l be d i s c u s s e d e lsewhere .

A cumula t ive frequency-magnitude p l o t (F ig .
f o r magnitudes between 0.5 and 3.0 ( u n a d j u s t e d )

g i v e s a b- value of 0.6 ( r e g r e s s i o n c o e f f i c i e n t
0 . 9 7 ) . This v a l u e i s t y p i c a l of normal t e c t o n i c
e a r t h q u a k e sequences and is i n agreement wi th t h e
v a l u e of 0.7 0.2 o b t a i n e d by Hunt and Latter

I t is, however, smaller than those

de te rmined i n o t h e r geothermal areas where induced
t y h a s been observed:

1.27 (Bromley and L a r d e r e l l o 1.19

al., 1980) . However, t h e b-value
observed d u r i n g i n j e c t i o n tests a t w a s

o b t a i n e d from e v e n t s o c c u r r i n g over a per iod of
o n l y 9 days .
n e c e s s a r y to conf i rm t h i s value.

Southern Negros

F u r t h e r moni to r ing would

Fig. 3: magnitude r e l a t i o n s h i p f o r 80

induced microear thquakes  recorded  d u r i n g
moni tor ing . Magnitudes were determined u s i n g
t h e d u r a t i o n a t and the formula M

2 l o g have n o t b e e n a d j u s t e d
to a g r e e w i t h l i n e shown l e a s t
s q u a r e s f i t to t h e p o i n t s r e p r e s e n t i n g

N a t each 0.25 i n t e r v a l
magnitude, N is the cumula t ive number of
e v e n t s Hor izonta l bars

r e p r e s e n t of t h e u n c e r t a i n t y i n

d u r a t i o n on t h e
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DISCUSSION

The a u t h o r  s u g g e s t s  t h a t t h e induced

s e i s m i c i t y a t w a s r e s u l t of the

release of elastic s t r a i n caused by a r e d u c t i o n of
t h e e f f e c t i v e normal stress f r a c t u r e s due

to excess pore pressure .

o f  s e i s m i c i t y  fo l lowing t h a t of i n j e c t i o n does n o t
f o l l o w t h e model of propaga t ing f r o n t of
i n c r e a s e d pore p r e s s u r e e t
When i n j e c t i o n stopped this f r o n t would c o n t i n u e
to o v e r p r e s s u r e pore spaces a t greater d i s t a n c e s
from t h e  i n j e c t i o n  site thereby c o n t i n u i n g to
induce s e i s m i c i t y , whi le pore p r e s s u r e s i n the
immediate v i c i n i t y of the i n j e c t i o n s i t e would

d r o p below t h e critical l e v e l c a u s i n g a r e t u r n to
t h e normal level o f s e i s m i c i t y n e a r the w e l l .
However, t h i s d i s c r e p a n c y r e s u l t o f t h e

short t i m e o v e r which i n j e c t i o n took place, the
r e l a t i v e l y s m a l l q u a n t i t y  o f  i n j e c t e d water k
t o n n e s ) , and the r e l a t i v e l y h i g h  p e r m e a b i l i t y  o f

t h e r o c k s i n t h e Wairakei area.

The immediate c e s s a t i o n

RECOMMENDATIONS

If permanent i n j e c t i o n a t Wairakei t a k e s place
f u r t h e r over p r e s s u r i n g  o f  pore spaces would be

l i k e l y , and induced s e i s m i c i t y very poss ib le .

Se i smic moni would be a d v i s a b l e ,
p a r t i c u l a r l y d u r i n g t h e i n i t i a l p e r i o d of
i nj ect i o n .
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