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ABSTRACT 

Oxygen i s o t o p e  d a t a  from u n a l t e r e d  ' to  i n t e n s e l y  
a l t e r e d  rocks  i n d i c a t e  t h a t  s u b s t a n t i a l  180- 
exchange p recedes  t h e  v i s i b l e  e f f e c t s  of hydrothermal  
a l t e r a t i o n .  The cumulat ive  w a t e r  t o  rock mass r a t i o s  
c a l c u l a t e d  from t h e  180-data a r e  g e n e r a l l y  l e s s  
t h a n  1; v a l u e s  more than  1 a r e  Less  s e n s i t i v e  t o  
180-exchange-. These r a t i o s  correspond t o  t i n e s  when 
rock and f l u i d  a t t a i n e d  5 180 composi t ions  c l o s e  t o  
t h e i r  c u r r e n t  v a l u e s ,  a s i t u a t i o n  t h a t  p robab ly  
o c c u r s  d u r i n g  t h e  e a r l y  p a r t  of t h e  h i s t o r y  of most 
geo the rma l  sys tems.  Water / rock r a t i o s  which a r e  
c a l c u l a t e d  on t h e  b a s i s  of l e a c h i n g  and a d d i t i o n  of 
some common and r a r e  a l k a l i e s  d u r i n g  hydrothermal  
a l t e r a t i o n ,  however, a r e  i n  comparison h i g h e r  by two 
o r d e r s  of magnitude. T h i s  i s  because  t h e s e  l a t t e r  
r a t i o s  r e l a t e  t o  much s lower  p r o c e s s e s  and a r e  
a f f e c t e d  by subsequent  f l u i d  throughput  d u r i n g  t h e  
e n t i r e  h i s t o r y  of t h e  system. 

INTRODUCTION 

S e v e r a l  f a c t o r s ,  va ry ing  i n  r e l a t i v e  impor tance  
between g e o t h e m a l  f i e l d s  a f f e c t  t h e  fo rma t ion  of 
hydrothermal  m i n e r a l s  and s h i f t s  i n  oxygen i s o t o p e  
compos i t i on  of r e s e r v o i r  rocks .  These f a c t o r s  are 
t empera tu re ,  rock  t y p e ,  p e r m e a b i l i t y ,  f l u i d  
compos i t i on  and d u r a t i o n  of a c t i v i t y .  The two 
p r o c e s s e s  of hydrothermal  a l t e r a t i o n  and 180 
-exchange t h e r e f  o r e ,  are normal ly  assumed t o  be 
comparable,  and most ext reme s h i f t s  i n  t h e  180 
compos i t i on  would t h e r e f o r e  be expec t ed  i n  rocks  
showing i n t e n s e  hydrothermal  a l t e r a t i o n .  However, 
t h i s  i s  n o t  n e c e s s a r i l y  t r u e .  I n  t h e  Wairakei  
geothermal  f i e l d ,  f o r  example,  a n d e s i t e  and 
i g n i m b r i t e  c o r e s  w i t h  a lmos t  u n a l t e r e d  p l a g i o c l a s e  
r eco rd  t h e  l owes t  6 l 8 O  v a l u e s ,  2.6 t o  3.3%. SMOW, 
i . e .  t hey  a r e  d e p l e t e d  by 4 t o  5 % ,  (C lay ton  and 
S t e i n e r ,  1975) .  Such c o n t r a s t s  i n  t h e  i n t e n s i t y  of 
a l t e r a t i o n  and e x t e n t  of 180-exchange may be a 
f u n c t i o n  of chemical  and i s o t o p i c  composi t ion  of t h e  
f l u i d .  F o r  example,  c a l c i c  p l a g i o c l a s e  may p e r s i s t  
t o  a t empera tu re  of 323°C even i n  i n t e n s e l y  a l t e r e d  
rocks  due t o  h i g h  C a t t - a c t i v i t y  i n  t h e  f l u i d  (Muf f l e r  
and White,  1969) .  S i m i l a r l y ,  K- feldspar  may be  
s t a b l e  i n  h i g h  pH and K+-act iv i ty  f l u i d s .  Such a 
f e l d s p a r ,  however,  w i l l  t end  t o  .exchange i t s  180 - 
depending on t h e  5 l80  composi t ion  of t h e  f l u i d  and 
t h e  p r e v a i l i n g  t empera tu re ;  i t  could  end up w i t h  a n  
a p p r e c i a b l y  d e p l e t e d  v a l u e  i n  s p i t e  of be ing 
m i n e r a l o g i c a l l y  u n a l t e r e d .  

Con t r a ry  t o  t h i s ,  an  uncommon s i t u a t i o n  could  e x i s t  
where hydro the rma l ly  a l t e r e d  rocks  d i s p l a y  v e r y  
l i t t l e  o r  no 180- sh i f t .  An example f o r  such a c a s e  
i s  t h e  Ngawha geothermal  f i e l d ,  NZ,  where basement ' 
greywackes and a r g i l l i t e s  have hydrothermal  m i n e r a l  
assemblages  compris ing quartz-calcite-chlorite- 
illi t e- epidot  e - c l i  n o z o i s i  t e (Browne , 1981 ) , but  s t i 11 
r e t a i n  t h e i r  o r i g i n a l  6180 v a l u e  of-  12%, ( B l a t t n e r ,  
1985A) due t o  t h e  p re sence  of a f l u i d ,  w i t h  S 180 = 
+5.5X. (Sheppard , 1984 ), no t  capab le  of exchanging 
180 w i t h  t h e  basement rocks .  Except f o r  such r a r e  
s i t u a t i o n s ,  I80-shif t always accompanies hydro- 
thermal  a l t e r a t i o n ,  but  t h e  two may no t  correspond t o  
one a n o t h e r .  The i n t e n s i t y  of a l t e r a t i o n  need no t  

n e c e s s a r i l y  correspond t o  t h e  cumula t ive  f l u i d  
t h roughpu t  due t o  s t a b i l i t y  of f e l d s p a r s  i n  some 
f l u i d  environments ,  but  I80-exchange between fe ld-  
s p a r s  and f l u i d  a lways  w i l l  unde r  t h e  t empera tu re  
c o n d i t i o n s  of geothermal  sys tems.  C u r r e n t  work on 
t h e  l80  - composi t ion  of t h e  greywacke basement 
unde r ly ing  geothermal  f i e l d s  i n  t h e  Taupo Volcanic  
Zone (Absar ,  unpubl ished d a t a ,  B l a t t n e r  1985B) 
s t r o n g l y  s u g g e s t s  t h a t  f e l d s p a r s  a r e ,  i n  gene ra l ,  
m e t a s t a b l e  under  p r e v a i l i n g  c o n d i t i o n s  and g e t  
a p p r e c i a b l y  d e p l e t e d  i n  t h e i r  180 c o n t e n t  be fo re  
be ing  v i s i b l y  a l t e r e d .  T h i s  i s  because  t h e  180- 
exchange between f l u i d  and m i n e r a l s  ( p a r t i c u l a r l y  
f e l d s p a r s )  i s  f a s t e r  t h a n  t h e i r  hydrothermal  
a1 tera t i o n .  

RELATIVE RATES OF 180-EXCHAXGE AND HYDROTHERMAL 
ALTERATION 

Quar tz  and f e l d s p a r s  make up t o  75% of rocks  such a s  
greywackes and a r g i l l i t e s .  Quar tz  i s  w e l l  known t o  
r e t a i n  i t s  180-coapos i t i on  under  geothermal  condi- 
t i o n s ,  however, f e l d s p a r s  have a ve ry  f a s t  r a t e  of 
180-exchange and w i l l  a t t a i n  e q u i l i b r i u m  w i t h  
t h e  f l u i d s  even under  l a b o r a t o r y  c o n d i t i o n s  (O'Nei l  
and T a y l o r ,  1967).  The 6 1 8 0  v a l u e s  of a number of 
s l i g h t l y  a l t e r e d  greywacke samples f r o n  t h e  Kawerau 
and Broadlands  geothermal  f i e l d s  i n d i c a t e  t h a t  most 
of t h e  f e l d s p a r  f r a c t i o n  must have exchanged Oxygen 
i s o t o p e s  w i t h  s o l u t i o n s  t o  a t t a i n  n e a r  e q u i l i b r i u m  
va lues .  Greywacke samples from w e l l s  KA-22 and 31 a t  
Kawerau, w i t h  u n a l t e r e d  t o  p a r t i a l l y  a l t e r e d  f e l d s p a r  
g r a i n s ,  have 180 v a l u e s  of 4.8 t o  5.01%, . It i s  
imposs ib l e  t o  accoun t  f o r  such  low whole rock  b 180 
v a l u e s  ( d e p l e t e d  by> 5%- ) wi thou t  a t t r i b u t i n g  a va lue  
of - 3 % "  t o  t h e  f e l d s p a r  f r a c t i o n ,  as q u a r t z  which 
makes up t o  20% of t h e  rock  s t i l l  r e t a i n s  i t s  
o r i g i n a l  v a l u e  of-  12%, . S i m i l a r l y ,  3 Broadlands  
greywacke samples  ( w e l l s  BR-24, 43 and 4 4 )  w i t h  
pr imary q u a r t z  c o n t e n t s  of 15 t o  20% and u n a l t e r e d  
f e l d s p a r  g r a i n s  among o t h e r s  p a r t i a l l y  o r  t o t a l l y  
a l t e r e d ,  have S l 8 O  v a l u e s  of 2.28 t o  3.83%. . 
Assuming a s  a t  Kawerau, t h a t  t h e  q u a r t z  s t i l l  r e t a i n s  
i t s  o r i g i n a l  S 180 v a l u e ,  t h e  180-composition of t h e  
f e l d s p a r  f r a c t i o n  i n  t h e s e  samples can be c a l c u l a t e d  
as 0.4 t o  1.5%. , i .e .  i t  is  i n  e q u i l i b r i u m  w i t h  t h e  

. f l u i d  of S 180 = -4.5%. (measured by Giggeubach (1971) ) .  

These  samples from Kawerau and Broadlands  geothermal  
f i e l d s  c l e a r l y  i n d i c a t e  t h a t  s u b s t a n t i a l  180-shif t 
of 4 t o  5 % ,  o r  g r e a t e r  could  precede a l t e r a t i o n  i n  
f e l d s p a r s .  T h i s  i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  
oxygen i s o t o p e  a n a l y s i s  of a greywacke c o r e  from t h e  
Rotokawa geothermal  f i e l d  (RK-4/2577m). The primary 
f e l d s p a r s  i n  t h i s  sample a r e  r e l a t i v e l y  l i t t l e  
a l t e r e d  (Browne, 1984) ,  y e t  t h e  whole rock 5 l 8 O  
v a l u e  of t h e  Sam l e  i s  4.82%, ; t h i s  comprises 25% 
q u a r t z  w i t h  5 l g O  =11.7%, and a 75% ' f e l d s p a r -  
f r a c t i o n '  w i t h  lj l 8 O  = 2.5%* ( B l a t t n e r ,  1985B). The 
f e l d s p a r s  t h e r e f o r e  have been s h i f t e d  from 8 t o  2.5%* 
i . e .  by -5.5%u . Regard l e s s  of t h e  e x t e n t  of 
m i n e r a l o g i c a l  a l t e r a t i o n ,  t h e r e f o r e ,  i f  a rock has  
been d e p l e t e d  i n  180 , t h i s  i s o t o p e  must have been 
removed by t h e  f l u i d .  T h i s  i n d i c a t e s  t h a t  f o r  t h e  
f e l d s p a r s ,  180-exchange i s  a f a s t e r  p roces s  t han  
t h e  accompanying hydrothermal  a l t e r a t i o n .  
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T a y l o r  (1971)  used 180 i a t a  a s  ev idence  for l a r e  
s c a l e  i n t e r a c t i o n  between r1.e t - o r i c  groundwaters  
igneous  i n t r u s i o n s ,  and s . : - l~ui : ted  t h e  wa te r  t o  rock 
mass r a t i o s  r e s p o n s i b l e  f o r  130-shif t i n  t h e s e  epi- 
z o n a l  bod ie s .  T a y l o r ' s  model was modif ied  by B l a t t -  
n e r  (1981, 1985A) f o r  more d i r e c t  a p p l i c a t i o n  t o  geo- 
the rma l  sys tems and e s t i m a t i o n  of t h e  f r a c t i o n  of 

180-exchange towards  e q u i l i b r i u m .  According t o  t h i s  
z e r o  d imens iona l  'nixed-model ' :  

where$ = w a t e r  t o  rock r a t i o  i n  terms of atom % 
oxygen 

dR = 6 Rock F i n a l  -6 Rock I n i t i a l s  
n e g a t i v e  s h i f t  i n  t h e  rock 

= ( 6 Rock I n i t i a l  -&Water I n i t i a l )  
- (6Rock F i n a l  - 6 l J a t e r  F ina l )  

= 6 Rock I n i t i a l - & w a t e r  I n i t i a l  - A , 
i s o t o p e  s h i f t i n g  p o t e n t i a l  

A =  Rock F i n a l  - 5 W a t e r  F i n a l ,  
e q u i l i b r i u m  i s o t o p e  f r a c t i o n a t i o n  

Equa t ion  1 c a n  be  w r i t t e n  as: 

6 
T h i s  r a t i o ,  -( R / P )  i s  t h e  ' f r a c t i o n  of I80-exchange 
as i t  i s  z e r o  whenCTR = 0,  i.e.,  t h e r e  i s  no s h i f t  i n  
t h e  rock, and 1 when rock i s  s h i f t e d  down by t h e  
v a l u e  e q u a l  t o  P. F i g u r e  1 p l o t s  -(cR/P) a g a i n s t  
4 and water t o  rock mass r a t i o  (W/R). The cu rve  shows 
t h a t  180-exchange is v e r y  f a s t  i n  t h e  beg inn ing  b u t  
g r a d u a l l y  s lows w i t h  i n c r e a s i n g  cumula t ive  f l u i d  
t h roughpu t .  By t h e  t i m e  t h e  W/R r a t i o  r eaches  t h e  
v a l u e  of 1 ($= 2 ) ,  more t h a n  85% of 180-exchange 
h a s  a l r e a d y  t a k e n  p l ace .  The r a t e  of 180-exchange 
d e c r e a s e s  d r a s t i c a l l y  beyond t h e  mass r a t i o  of 1 on  
t h e  f l a t  p o r t i o n  of t h e  c u r v e  and 99.75% exchange is  
a t t a i n e d  a t  a mass r a t i o  of 3.  T h e o r e t i c a l l y ,  100% 
exchange t a k e s  p l a c e  when W/R r a t i o  r eaches  7 .5@ 
=15). No more 180-exchange i s  t h e n  p o s s i b l e .  It is  
p o s s i b l e  t h a t  a n  180-exchange of 90 t o  95% neve r  
t a k e s  p l a c e  due t o  t h e  e x c e p t i o n a l l y  s low r a t e  of 
exchange r e s u l t i n g  from t h e  exhaus t ed  i s o t o p e  
s h i f t i n g  c a p a c i t i e s  of t h e  rock  and wa te r .  T h i s  i s  
i n d i c a t e d  by c a l c u l a t e d  W/R r a t i o s  f o r  t h e  v a r i o u s  
geothermal  f i e l d s  ( B l a t t n e r ,  1985A) and e p i z o n a l  
igneous  i n t r u s i o n s  (Tay lo r  1979 ), which a r e  g e n e r a l l y  
l e s s  t han ,  o r  n e a r  t o  1. 

These W/R r a t i o s  w i t h  a t y p i c a l  v a l u e  of 1 do n o t  
even compare w i t h  W/R r a t i o s  c a l c u l a t e d  on t h e  b a s i s  
of l e a c h i n g  and a d d i t i o n  of some common and r a r e  
a l k a l i e s  d u r i n g  hydro the rma l  a l t e r a t i o n  f o r  Wairakei  
and Broadlands  geothermal  f i e l d s ;  t h e s e  have W/R 
v a l u e s  of 100 (Goguel,  1983) .  Very h i g h  v a l u e s ,  up 
t o  i n f i n i t y ,  of W/R r a t i o s  may be c a l c u l a t e d  i f  i t  is 
assumed t h a t  t h e  m e t e o r i c  w a t e r  e n t e r i n g  t h e  
r e s e r v o i r  ' p r e- s h i f t e d '  t o ,  o r  c l o s e  t o ,  i t s  p r e s e n t  
va lue .  T h i s  h a s  been sugges t ed  by Goguel (1983)  as a 
compromise between r a t i o s  c a l c u l a t e d  from t h e  i s o t o p e  
d a t a  and hydro the rma l  a l t e r a t i o n .  T h i s  s u g g e s t i o n  
can be e a s i l y  ana lysed  i n  t h e  l i g h t  of l 8 0 - d a t a  
from Rawerau and Broadlands  f i e l d s .  The lowes t  6 1 8 0  
v n l u e s  f o r  t h e  greywacke i n  t h e s e  two f i e l d s  a r e  2.9- 
and 1.5%- , r e s p e c t i v e l y .  Such low v a l u e s  can no t  be 
a t t a i n e d  by exchanging w i t h  f l u i d s  of 6 180 v a l u e  
h i g h e r  t h a n  -4.35%- f o r  Kawerau and -5.75%, f o r  
Broadlands .  These v a l u e s  a r e  o n l y  1.25%" h i g h e r  t han  
t h e  r e s p e c t i v e  m e t e o r i c  w a t e r s  and d e f i n e  t h e  maximum 
p e r m i s s i b l e  l i m i t  of ' p r e- sh i f  t i n g '  . Using t h e  5 l 80  
v a l u e s  of t h e  ' p r e- s h i f t e d '  m e t e o r i c  w a t e r ,  h i g h  W/R 
r a t i o s  of 3.5 may be C a l c u l a t e d  i n s t e a d  of t h e  
v a l u e s  shown (Fig .  l ) ,  bu t  not  h i g h e r  by t h e  o r d e r s  
of magnitude as sugges t ed  by Goguel (1983) .  
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". r i g .  1: Oxygen i s o t o p e  exchange i n  t h e  r e s e r v o i r  
rocks  of geo the rma l  sys tems a s  a f u n c t i o n  of 
cumula t ive  water t o  rock r a t i o .  Note t h a t  exchange 
t o  85% r e q u i r e s  a w a t e r  t o  rock  mass r a t i o  of on ly  1 
under  i d e a l  c o n d i t i o n s .  The d i s t r i b u t i o n  of f o u r  New 
Zealand g e o t h e r n a l  f i e l d s  a l o n g  t h e  cu rve  s u g g e s t s  
t h e i r  r e s p e c t i v e  approach towards a n e a r  e q u i l i b r i u m  
cond i t i on .  

DISCUSSION 

The W/R r a t i o s  c a l c u l a t e d  from t h e  1 8 0 - d a t a  and 
t h o s e  from l e a c h i n g  and a d d i t i o n  of c a t i o n s  d u r i n g  
hydrothermal  a l t e r a t i o n  a r e  g r e a t l y  d i f f e r e n t .  The 
r ea son  €or t h e i r  no t  be ing  comparable i s  d e p i c t e d  i n  
F ig .  1. E x c e p t i o n a l l y  low r a t i o s ,  c a l c u l a t e d  from 
t h e  i s o t o p e  d a t a ,  p o i n t  t o  a v e r y  f a s t  r a t e  of 180- 
exchange which s u b s t a n t i a t e s  t h e  argument p re sen ted  
e a r l i e r  t h a t  f e l d s p a r s  r e g i s t e r  t h e  e f f e c t  of 180- 
exchange long  b e f o r e  t h e i r  hyd ro the rna l  a l t e r a t i o n  
p roduc t s  become conspicuous .  T h i s ,  i n  t u r n ,  i n d i-  
c a t e s  t h a t  rock  and f l u i d  t end  t o  a t t a i n  l80 compo- 
s i t i o n s  c l o s e  t o  t h e i r  c u r r e n t  v a l u e s  du r ing  t h e  
e a r l y  h i s t o r y  of a geothermal  system. Th i s  i s  eviden-  
ced by 2 t o  3% v e i n  c a l c i t e  w i t h  a 5l8O v a l u e ( s )  
be ing  i n  e q u i l i b r i u m  w i t h  p r e s e n t  day f l u i d ,  c i r c u-  
l a t i n g  i n  t h e  greywackes a t  Kawerau and Broadlands .  
From t h e  c a l c i t e  s o l u b i l i t y  d a t a  of E l l i s  (1963) i t  
c a n  be c a l c u l a t e d  t h a t  W/R r a t i o s  of 150 may be 
r e s p o n s i b l e  f o r  t h e  p r e c i p i t a t i o n  of observed c o n t e n t  
of c a l c i t e .  T h i s  means t h a t  f o r  a pe r iod  correspond- 
i n n  t o  a cumulat ive  W/R r a t i o  of 150 t h e  ave rage  
61ij0value of t h e  f l u i d ,  and consequen t ly  of t h e  rock,  
h a s  remained n e a r l y  c o n s t a n t .  The p roces s  of 
hydrothermal  a l t e r a t i o n  has  obv ious ly  cont inued 
u n i n t e r r u p t e d  d u r i n g  t h i s  p e r i o d  r e s u l t i n g  i n  t h e  
p r e c i p i t a t i o n  of c a l c i t e  i n c o r p o r a t i n g  Ca* r e l e a s e d  
i n t o  t h e  s o l u t i o n  th rough  a l t e r a t i o n  of p l a g i o c l a s e  
t o  i l l i t e .  

CONCLUSIONS 

1. S u b s t a n t i a l  i s o t o p e  exchange precedes  t h e  f i r s t  
appearance  of hydrothermal  a l t e r a t i o n  p roduc t s .  

2. S l i g h t l y  a l t e r e d  rocks  which r eco rd  180-shif ts 
s i m i l a r  t o  t h o s e  of i n t e n s e l y  a l t e r e d  rocks  
probably  d i d  n o t  remain i n  c o n t a c t  w i th  t h e r n a l  
f l u i d  l ong  enough t o  r e g i s t e r  pronounced e f f e c t s  
of a l t e r a t i o n ,  due t o  s e a l i n g  of f r a c t u r e s  w i t h  
p r e c i p i t a t e d  mine ra l s .  Before  t h e  c i r c u l a t i o n  
ceased ,  rocks  had a l r e a d y  a t t a i n e d  Sl8O compo- 
s i t i o n  c l o s e  t o  t h e i r  observed va lues .  

3 .  Water- to- rock mass r a t i o s  c a l c u l a t e d  from 
180-data a r e  g e n e r a l l y  l e s s  t han  1. Values more 
t h a n  1 are rare, and above 7.5, not p o s s i b l e .  



4. The W/R r a t i o s  c a l c u l a t e d  from t h e  180 d a t a  
and hydrothermal  a l t e r a t i o n  co r r e spond  t o  two 
d i f f e r e n t  p e r i o d s  d u r i n g  t h e  h i s t o r y  of a geo- 
the rma l  system. The W/R ( i s o t o p e )  r a t i o s  c o r r e s-  
pond t o  a t ime  when rock and f l u i d  a t t a i n e d  

l 8 O  composi t ions  c l o s e  t o  t h e i r  observed 
v a l u e s ,  a n  even t  t h a t  occu r r ed  i n  t h e  e a r l y  
h i s t o r y  of a geothermal  system. The W/R 
( a l t e r a t i o n )  r a t i o s  on t h e  o t h e r  hand r e f l e c t  
cumula t ive  f l u i d  throughput  du r ing  t h e  e n t i r e  
l i f e  of  t h e  system. 
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