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ABSTRACT 

Pr imary igneous  q u a r t z  c r y s t a l s  i n  t h e  c o r e s  and 
c u t t i n g s  of v o l c a n i c  rocks  from t h e  Wairakei-Tauhara 
geothermal  f i e l d  u s u a l l y  have been f r a c t u r e d .  
Secondary f l u i d  i n c l u s i o n s  have formed a long  many of 
t h e  f r a c t u r e  p l a n e s  as t h e  f r a c t u r e s  have hea l ed .  
These  i n c l u s i o n s  e x h i b i t  l i t t l e  v a r i a t i o n  i n  
homogenizat ion  t empera tu re  w i t h i n  s i n g l e  f r a c t u r e  
p l a n e s ,  s u g g e s t i n g  t h a t  a n n e a l i n g  w a s  r a p i d .  

Due t o  t h e  l a r g e  s i z e  (up t o  5mm d i a m e t e r )  and common 
occu r rence  of pr imary igneous  q u a r t z  c r y s t a l s  a t  
Wairakei- Tauhara,  more d e t a i l e d  and complete  f l u i d  
i n c l u s i o n  geothermometry of t h e  f i e l d  i s  now p o s s i b l e  
compared t o  t h e  p rev ious  u s e  of hydrothermal  mine ra l s  
on ly .  T h i s ,  i n  t u r n ,  a l l o w s  a b e t t e r  e v a l u a t i o n  of 
p a s t  v a r i a t i o n s  i n  t h e  t he rma l  
regime of t h e  f i e l d .  

R e s u l t s  f o r  samples  from w e l l  TH1, f o r  example, show 
t h a t  t empera tu re s  of ove r  280°C have occu r red  a t  975m 
dep th  i n  t h e  p a s t ,  but  t h a t  i t  h a s  s i n c e  cooled t o  
t h e  p r e s e n t  250°C. 

I n t r o d u c t i o n  

F l u i d  i n c l u s i o n  geothermometry i s  a t echn ique  t h a t  
h a s  impor t an t  a p p l i c a t i o n s  i n  geothermal  i n v e s t i -  
g a t i o n s  (Roedder 1984, Browne and E l l i s  1970, Leach 
1982,  Hedenquis t  and Henley 1985) .  

A s  hydrothermal  m i n e r a l s  form w i t h i n  geothermal  
sys t ems ,  mic roscop ic  q u a n t i t i e s  of f l u i d  a r e  t r apped  
w i t h i n  t h e  c r y s t a l ,  forming f l u i d  i n c l u s i o n s .  I n  t h e  
s i t u a t i o n  where t h e  geothermal  f l u i d  i s  l i q u i d ,  t hen  
t h e  f l u i d  i n c l u s i o n  formed a l s o  c o n t a i n s  a l i q u i d .  
However, on c o o l i n g  of t h e  c r y s t a l ,  such  a s  when a 
c o r e  i s  r ecove red ,  t h e  l i q u i d  i n  t h e  i n c l u s i o n  - 
c o n t r a c t s .  The r e s u l t  i s  a two phase i n c l u s i o n  
c o n t a i n i n g  both  l i q u i d  and vapour .  Subsequent 
r e h e a t i n g ,  on  a microscope s t a g e  w i l l  re-homogenise 
t h e  two phases  t o  a s i n g l e  l i q u i d  phase.  The 
homogenisa t ion  t empera tu re  can  be d i r e c t l y  r e l a t e d  t o  
t h e  t r a p p i n g  t empera tu re  i€ t h e  s a l i n i t y  of t h e  
i n c l u s i o n  f l u i d ,  and p r e s s u r e  a t  t r a p p i n g  a r e  known. 
For  i n c l u s i o n s  which a r e  t r apped  a t  s a t u r a t e d  vapour  
p r e s s u r e ,  t h e  homogenisa t ion  ternper ture  i s  t h e  
t r a p p i n g  t empera tu re .  Fo r  i n c l u s i o n s  t h a t  form a t  
any p r e s s u r e  above t h a t  of s a t u r a t i o n ,  a c o r r e c t i o n  
must be made. I n  geo the rma l  environments where 
s a l i n i t y  (1-2000 mg/kg Cl-) and p r e s s u r e  (5-15 MPa) 
a r e  low, t h e  c o r r e c t i o n  i s  small and t h e  homo- 
g e n i s a t i o n  t empera tu re  is  used r a t h e r  t h a n  t h e  
t empera tu re  of t r a p p i n g .  

I n c l u s i o n s  i n  Hydrothermal (Secondary)  M a t e r i a l  

I n c l u s i o n s  t h a t  form d u r i n g  t h e  growth of a 
hydrothermal  c r y s t a l  are termed "primary" i n c l u s i o n s  
and r eco rd  t h e  t empera tu re  of  f o r m a t i o n  of t h e  
c r y s t a l .  I n c l u s i o n s  may a l s o  form subsequen t  t o  t h e  
complet ion  of c r y s t a l  growth; t h e s e  occu r  i n  p l anes  
a long  annea l ed  f r a c t u r e s ,  and a r e  termed "secondary" 
i n c l u s i o n s .  Of t e n  pr imary and secondary  i n c l u s i o n s  
i n  t h e  same c r y s t a l  record  d i f f e r e n t  t r a p p i n g  tempera- 
t u r e s ,  and a r e  t h u s  ev idence  of thermal  change w i t h i n  
a system. Fur thermore ,  t r a p p i n g  t empera tu re s  may 
a l s o  d i f f e r  between p l a n e s  of secondary  i n c l u s i o n s  as 
a r e s u l t  of d i f f e r i n g  f r a c t u r e  ages  and changing 
the rma l  regime. 

I n c l u s i o n s  i n  Pr imary M a t e r i a l  

To d a t e ,  f l u i d  i n c l u s i o n  geothermometry i n  t h e  Taupo 
Vo lcan ic  Zone has  been unde r t aken  i n  a number of 
f i e l d s  u s i n g  bo th  pr imary and secondary  i n c l u s i o n s  i n  
hydrothermal  q u a r t z ,  c a l c i t e ,  s p h a l e r i t e  and z e o l i t e  
(Browne 1970,  Hedenquis t  1983, Kakimoto 1983) .  

The l i m i t a t i o n  t h a t  t h e  u se  of hydrothermal  mine ra l s  
p l a c e s  upon f l u i d  i n c l u s i o n  geothermometry i s  one of 
sample a v a i l a b i l i t y .  Data  can  on ly  be determined 
where hydro the rma l  v e i n s  o r  l a r g e  s i n g l e  c r y s t a l s  
occu r  i n  c o r e s  o r  c u t t i n g s .  Of t en  h y d r o t h e m a l  
m i n e r a l s  form a l t e r a t i o n  p roduc t s  t h a t  are t o o  small 
t o  man ipu la t e .  

Recent  work i n d i c a t e s ,  however, t h a t  pr imary igneous  
q u a r t z  phenoc rys t s  i n  t h e  s i l i c i c  rocks  of t h e  Taupo 
Volcanic  Zone a r e  a l s o  s u i t a b l e  f o r  f l u i d  i n c l u s i o n  
geothermometry.  Pr imary q u a r t z  c r y s t a l s  i n  t h e  
Wairakei- Tauhara a r e a  ( n o t a b l y  i n  t h e  Wairakei  
I g n i m b r i t e )  u s u a l l y  have been f r a c t u r e d ,  most 
probably  a s  a r e s u l t  of deformat ion.  Fur thermore ,  
t h e s e  f r a c t u r e s  have annea l ed ,  a s  i s  t h e  c a s e  w i t h  
f r a c t u r e d  hydrothermal  c r y s t a l s ,  t o  c o n t a i n  p lanes  of 
secondary  f l u i d  i n c l u s i o n s .  Homogenisation tempera- . 
t u r e s  measured w i t h i n  a s i n g l e  f r a c t u r e  p l ane  
commonly e x h i b i t  on ly  2 o r  3 degrees  v a r i a t i o n ,  
s u g g e s t i n g  t h a t  a n n e a l i n g  i s  r a p i d .  S h e l t o n  and 
O r v i l l e  (1980)  demonst ra ted  t h a t  p l anes  of f l u i d  
i n c l u s i o n s  cou ld  be produced i n  f r a c t u r e d  q u a r t z  i n  
t h r e e  d a y s  a t  500°C and 2 kba r .  I t  seems probable  
t h a t  f r a c t u r e s  i n  pr imary igneous  q u a r t z  t h a t  occur  
i n  geothermal  f l u i d  s a t u r a t e d  w i t h  r e s p e c t  t o  q u a r t z  
would a n n e a l  w i t h i n  a pe r iod  t h a t  was of a s i m i l a r  
o r d e r  of magnitude. 
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Figure 1: Geologic  l o g  of w e l l  TH1, showing secondary f l u i d  i n c l u s i o n  
homogenization temperatures obtained from primary quartz phenocrysts,  
compared with the measured temperature and the b o i l i n g  point  for depth. 
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The p re sence  of secondary  f l u i d  i n c l u s i o n s  i n  pr imary 
igneous  q u a r t z  a t  Wairakei-Tauhara g r e a t l y  ex t ends  
t h e  a p p l i c a t i o n  of f l u i d  i n c l u s i o n  geothermometry i n  
t h i s  r eg ion .  By examining secondary  f l u i d  i n c l u s i o n s  
i n  pr imary q u a r t z ,  i t  i s  now p o s s i b l e  t o  o b t a i n  a 
more d e t a i l e d  a p p r a i s a l  of t h e  thermal  e v o l u t i o n  of a 
geo the rma l  sys tem than  is p o s s i b l e  u s i n g  only  hydro- 
the rma l  mine ra l s .  T h i s  i s  due t o  t h r e e  f a c t o r s :  
f i r s t l y ,  t h e  presence  of q u a r t z  is a lmos t  u b i q u i t o u s  
i n  t h e  r h y o l i t i c  rocks  of t h e  Taupo Vo lcan ic  Zone 
sys tems.  Secondly ,  t h e  l a r g e  s i z e  (0.5-5mm d i a )  of 
t h e  pr imary c r y s t a l s  makes e x t r a c t i o n  and p r e p a r a t i o n  
r e l a t i v e l y  ea sy .  These two f a c t o r s  combine t o  a l l o w  
much c l o s e r  and more uni form sampl ing t o  be under- 
taken.  T h i r d l y ,  t h e  pr imary q u a r t z  c r y s t a l s  were 
p r e s e n t  b e f o r e  t h e  o n s e t  of t h e  geothermal  sys tem and 
p r e s e n t  t h e  o p p o r t u n i t y  of r eco rd ing  t h e  e v o l u t i o n  of 
t h e  t he rma l  regime,  a l b e i t  e p i s o d i c a l l y ,  s i n c e  i t s  
i n c e p t i o n .  I n  c o n t r a s t ,  i t  i s  seldom pos-,,ble t o  
e s t a b l i s h  whether  o r  no t  a hydrothermal  mine ra l  i s  
r e l a t i v e l y  r e c e n t  o r  a n c i e n t .  

B e l k i n  e t  a l .  (1985) ,  i n  a n  e v a l u a t i o n  of t h e  geo- 
the rma l  f i e l d s  of Tuscany, I t a l y ,  used secondary  
i n c l u s i o n s  t h a t  had formed a long  f r a c t u r e  p l anes  i n  
d e t r i t a l  q u a r t z .  Here ,  t h e  d e t r i t a l  q u a r t z  w i t h i n  
t h e  s ed imen t s  f u l f i l l s  t h e  same f u n c t i o n  as t h a t  of 
igneous  q u a r t z  a t  t he  Wairakei-Tauhara f i e l d ;  t h a t  i s  , 
bo th  were p r e s e n t  be fo re  t h e  sys tem w a s  e s t a b l i s h e d ,  
and bo th  subsequen t ly  r eco rd  p a r t s  of t h e  thermal  
e v o l u t i o n .  

Example of t h e  a p p l i c a t i o n  of F l u i d  Inc lus i -on  
Geothermometry i n  Igneous Quar t z  a t  Wairakei- Tauhara 

P r e s e n t e d  h e r e  (F ig .  1) a r e  t h e  r e s u l t s  of a recon- 
n a i s s a n c e  su rvey  of one w e l l  from t h e  Wairakei-  
Tauhara  a r e a  - TH1. (See Gr ind ley  1965, S t e i n e r  1977, 
Kakimoto 1983) .  

Qua r t z  phenoc rys t s  were e x t r a c t e d  by hand p i ck ing  
f rom 10-15 g of crushed c o r e .  A f t e r  p r e p a r a t i o n ,  t h e  
c r y s t a l s  were 1 t o  1.5mm d i a  and 0.5 t o  l m m  t h i c k .  
Homogenization t empera tu re s  were o b t a i n e d  us ing  a 
commercial  model of t h e  U.S. Geolog ica l  Survey 
gas- flow h e a t i n g / f r e e z i n g  s t a g e  (Woods e t  a l .  1981) ,  
c a l i b r a t e d  a g a i n s t  s y n t h e t i c  q u a r t z  s t a n d a r d s  
( S t e i n e r  and Bodnar 1984) ;  t h e  accu racy  i s  cons ide red  
t o  be f2-3°C. The homogenization t empera tu re  f o r  
each  i n c l u s i o n  was ob ta ined  by r epea t ed  c y c l i n g ,  and 
h a s  a p r e c i s i o n  of f 0 . 5 " ~ .  

Homogenization t empera tu re s  were measured on 
i n c l u s i o n s  from a s i n g l e  c r y s t a l  a t  each dep th ,  w i t h  
t h e  e x c e p t i o n  of 276m where 3 c r y s t a l s  were used. 
I d e a l l y ,  a number of c r y s t a l s  should  be sampled a t  
each  dep th .  

A t  852m d e p t h ,  t h e  i n c l u s i o n s  r eco rd  a range of 
t empera tu re s  from t h e  p r e s e n t  250°C t o  a s  low a s  
220°C. T h i s  cou ld  be i n t e r p r e t e d  e i t h e r  a s  ev idence  
of a n  i n v e r s i o n ,  due t o  l a t e r a l  f low of c o o l e r  f l u i d ,  
o r  t h a t  t h e  lower  v a l u e s  r e p r e s e n t  t h e  sys tem a t  a n  
e a r l y  p a r t  of i t s  development.  

A t  976m dep th ,  i n c l u s i o n s  reccrrd a s i g n i f i c a n t l y  
h i g h e r  t empera tu re  (280°C) t h a n  occurs  today (250°C) .  
T h i s  s u g g e s t s  t h e  absence  of an  i n v e r s i o n  a t  dep th  i n  
t h i s  a r e a  and i m p l i e s  t h a t  t h e  w e l l  i s  l o c a t e d  i n  a 
zone t h a t  i s  a t  p r e s e n t ,  o r  a t  l e a s t  has  been i n  t h e  
p a s t ,  one of upflow, r a t h e r  t han  a l a t e r a l  ou t f low 
from under  M t .  Tauhara  t o  t h e  e a s t .  

Temperatures  ob ta ined  from 6 4 0 ,  5 4 6 ,  and 276m dep th?  
a r e  nea r  t o  modern t empera tu re s  and s u g g e s t  a b o i l i n g  
p o i n t  f o r  dep th  r e l a t i o n s h i p  f o r  t h e  f l u i d .  

Conclus ions  

Y OUNCXLU 

An immediate a p p l i c a t i o n  of t h i s  t e c h n i q u e  could be 
a t  t h e  d r i l l s i t e ,  where i t  would be p o s s i b l e  t o  have 
thermal  i n f o r m a t i o n  about a w e l l  a s  i t  is  d r i l l e d ,  
and w i t h i n  2 o r  3 hours  of c o r e  o r  c u t t i n g  recovery .  
F l u i d  i n c l u s i o n  geothermometry i n  t h i s  s i t u a t i o n  
cou ld  h e l p  avo id  c o s t l y  d r i l l i n g  i n t o  i n v e r s i o n s .  
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I t  i s  appa ren t  t h a t  secondary  i n c l u s i o n s  i n  igneous  
q u a r t z  a r e  a n  impor t an t  a d j u n c t  t o  t h e  thermal  
prof i l c s  of w e l l s  o b t a i n e d  by d i r e c t  measurement; 
f u r t h e r m o r e ,  t hey  may more t r u l y  r e f l e c t  t h e  
c o n d i t i o n s  i n  t h e  p r e d r i l l e d  f i e l d  t han  do 
measurements made a f t e r  a w e l l  i s  completed. 




