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ABSTRACT. Oxygen i s o t o p e  r a t i o s  f o r  40 r e s e r v o i r  r o c k s  
f rom t h e  p l u t o n i c  basement and o v e r l y i n g  a n d e s i t i c  
rocks,  and 14 separated geothermal q u a r t z  samples f rom 
the  v o l c a n i c s ,  range f rom 2.5 t o  9.9 per  m i l .  The 
lowes t  6 ” O  va lues  (average 2.9 per  m i l )  i n  d i o r i t e  
co res  f r o m  w e l l s  401, 407 and 410 a r e  l o c a t e d  i n  t h e  
most p r o d u c t i v e  nor thwes t  (Mahiao) s e c t o r  o f  t h e  
f i e l d .  
f o r  basement r o c k s  a r e  h i g h e r  (c .  4.6 per  m i l ) .  
P l u t o n i c  r o c k  samples f r o m  t h e  Mamban (we.ll MN1) 
sec to r ,  l o c a t e d  o u t s i d e  t h e  present- day f i e l d  margin,  
a r e  o n l y  s l i g h t l y  a l t e r e d  ( 6  per  m i l )  excep t  p o s s i b l y  
near  t h e  c o n t a c t  zone between the  basement and over-  
l y i n g  v o l c a n i c s .  
r a t i o s  a r e  c a l c u l a t e d  f o r  the  Mahiao s e c t o r ,  whereas 
M a l i t b o g  i s  p o s s i b l y  a r e l a t i v e l y  r e c e n t  ex tens ion  o f  
t h e  f i e l d .  
q u a r t z  has 6 ’ 8 0  va lues  sugges t ing  pas t  t e c t o n i c  u p l i f t .  

I n  t h e  M a l i t b o g  s e c t o r ,  t h e  average 6 ” O  va lues  

The h i g h e s t  cumu la t i ve  f l u i d / r o c k  

R e l a t i v e l y  s h a l l o w  (Bao Format ion)  

1. INTRODUCTION 

Oxygen i s o t o p e  s t u d i e s  i n  a c t i v e  geothermal areas 
have p r o v i d e d  i m p o r t a n t  i n f o r m a t i o n  about  t h e  o r i g i n  

and f l o w  o f  f l u i d s ,  t h e  r a t i o  o f  f l u i d  t o  h o s t  rock,  
equi  1 i br ium and d i  sequi 1 i b r i u m  r e 1  a ti onsh ips  be tween 
minera l  assemblages, and t h e  thermal regime w i t h i n  each 
geothermal system (Cra ig ,  1963; C lay ton  e t  a l . ,  1968; 
C lay ton  and S t e i n e r ,  1975; Nor ton  and Tay lo r ,  1979; 
B l a t t n e r ,  1985). 
e x p l o r e  the i s o t o p e  f i n e  s t r u c t u r e  o f  t h e  Tongonan 
f i e l d  and thereby  p r o v i d e  ev idence f o r  t h e  e x t e n t  o f  
h i g h  temperature meteor i c  water- rock i n t e r a c t i o n ,  and 
f l o w  d i r e c t i o n  o f  meteor i c  recharge waters.  

2. GEOLOGIC SETTING 

The purpose o f  t h i s  work i s  t o  

The Tongonan Geothermal F i e l d  i s  l o c a t e d  on t h e  
i s l a n d  o f  Leyte,  Republ ic  o f  t h e  P h i l i p p i n e s  ( F i g .  1) 
The r e s e r v o i r  compr ises t h r e e  p r i n c i p a l  r o c k  types:  
a p l u t o n i c  basement (Mahiao P l u t o n i c  Complex, MPC); a 
t h i c k  (ca. 2 km) v o l c a n i c  sequence (Bao Vo lcan ic  
Formation); and t h i n n e r  (ca.  20 in) v o l c a n i c  e r o s i o n  
d e p o s i t s  ( N o r t h  Cen t ra l  Leyte Formation, NCLF). 

The basement i s  composed o f  d i o r i t e s  ( c .  70%), q u a r t z  
d i o r i t e s  (15%). a r a n o d i o r i t e s  (10%). and a r a n i t e s  (5%). 
These rc is come-from severa l  p l u t o n s  w i t h i n  t h e  MPC 

wh ich  were i n t r u d e d  d u r i n g  t h e  l a t e  Miocene 
(5- 7 m.y. ago) and the  Quate rnary  (<3 my. 
ago) per iods ,  based on p r e l i m i n a r y  K / A r  da tes  
f r o m  hornblendes (J.R. Hulston,  pers .  comm.). 
The o l d e r  K/Ar da tes  a r e  b r o a d l y  compat ib le  
w i t h  ages determined f rom f o r a m i n i f e r a  i n  
mid-  t o  la te-Miocene l imes tone  and sha le  beds 
i n t e r c a l a t e d  w i t h i n  t h e  o v e r l y i n g  hydro-  
t h e r m a l l y  a1 t e r e d  a n d e s i t i c  b recc ias ,  t u f f s  
and l a v a s  o f  t h e  Bao Formation. 
v a t i o n  o f  igneous r o c k  chemical t rends ,  and 
s e m i - q u a n t i t a t i v e  XRD and p o i n t  c o u n t  modal 
d a t a  suggest t h a t  t h e  basement r o c k s  a r e  o n l y  
s l i g h t l y  hydro therma l l y  a l t e r e d  ( < l o %  i n  
terms o f  chemical  composi t ion;  S c o t t ,  1983). 

The NCLF i s  composed o f  l a h a r i c ,  c o l l u v i a l ,  
and a l l u v i a l  t e r r a c e  depos i t s  which formed 
d u r i n g  t h e  P l iocene  and Quate rnary  when r a p i d  
u p l i f t  occur red  a long  t h e  NW-SE t r e n d i n g  
P h i l i p p i n e  F a u l t .  V e r t i c a l  f a u l t  movement of 
about  1 km a l s o  r a i s e d  a Miocene d i o r i t e  
basement and p e r m i t t e d  i n t r u s i o n  o f  g r a n i t i c  
r o c k s  ( t h e  i n f e r r e d  h e a t  source)  which 
appears t o  c o n t r o l  t h e  c u r r e n t  p o s i t i o n  o f  
t h e  Tongonan Geothermal F i e l d .  

. 

The p reser-  

F ig .  1: 

Sketch map o f  t h e  Tongonan geothermal 
F i e l d  showing t h e  p r i n c i p a l  f a u l t s  
( m o d i f i e d  a f t e r  unpubl ished a i r p h o t o  
i n t e r p r e t a t i o n  by  G.W. Gr ind ley ,  NZGS), 
i pp rox imate  l o c a t i o n  o f  i so therms a t  
300 m below sea l e v e l ,  and w e l l  
I oca t i o n s .  
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3. METHODS, SAMPLING AN0 RESULTS 

Twenty-eight t o t a l  rock and 14 quar tz  samples were 
taken from cores and c u t t i n g s  from 14 deep (ca. 2 km), 
exp lora tory  we l ls .  Apart  from two surface samples, 
f u r t h e r  whole rock data were obtained from cores a t  
depths shown i n  Table 1. F i vequa r t z  and s i x  fe ldspars  
were a lso  analysed f rom p lu ton  core  samples (Table 1) .  
The samples o f  geothermal quar tz  loca ted w i t h i n  the Bao 
volcanics were picked from c u t t i n g s  (Table 2) .  Oxygen 
was ex t rac ted  from 10-15 mg quar tz  and whole rock 
samples by reac t i on  w i t h  BrF5, us ing  a method modi f ied  
a f t e r  Clayton and Mayeda (1963). 
oxygen was converted t o  C02 by reac t i on  w i t h  heated 
carbon. 
an NAA RMS-8 mass spectrometer. 
pos i t i ons  are expressed as per m i l  dev ia t ions  from the  
'e0/'60 r a t i o  of Standard Mean Ocean Water (SMOW) as: 

The l i b e r a t e d  

lsO/160 r a t i o s  f o r  C02 were obtained us ing  
Oxygen isotope com- 

As a reference, NBS-28 quar tz  w i t h  a normalised value 
o f  9.6 per m i l  SMOW was used. 

Table l a :  D i o r i t e s  (s.1.) o f  the Mahiao 
P lu ton ic  Complex. Oepths r e l .  t o  sea l e v e l .  

Sample He1 1 Level Tgmp b1'0 
no. (m) ( C) ( / o o )  

Ma h i  ao, Samba1 oran 
Gran i te  
D i o r i t e  
D i o r i t e  
O i o r i t e  
O i o r i t e  

Fel ds par 
Quartz 

D i o r i t e  
O i o r i  t e  
D i o r i t e  
D i o r i t e  
D i o r i t e  
D i o r i t e  
D i o r i t e  
Mal i tbog 

D i o r i t e  
D i o r i t e  
D i o r i t e  
Granod. 

Feldspar 
Quartz 

Feldspar 
Quartz 

Granod. 

Granod. 
Granod. 
Mamban 

D i o r i t e  
Fel ds par 
Quartz 

Feldspar 
Quar tz  

O i o r i t e  

105 -1390 
202 -1030 
208 -1143 
209 -1472 
209 -1873 

2 R4 -1188 
303 -1266 
401 -1247 
403 -1254 
407 -1070 
408 -2056 
410 -1822 

504 -1872 
507 -1540 
507 -1775 
507 -2427 

508 -2155 

510 -1822 
511 -1796 

MN1 -1686 

MN1 -1881 

310 4.3 
305 3.2 
310 3 .O 
320 3.2 
330 2.9 

2.9 
4.3 

275 3.3 
260 3.3 
310 2.5 
310 4.2 
280 2.7 
310 4.7 
330 2.7 

270 4.4 
220 4.0 
2 10 4.6 
230 4.0 

3.9 
5.2 

3.8 
7.6 

260 4.7 

280 5.2 
310 5.1 

195 6.5 
7.0 
8.9 

190 6.1 
5.7 
8.9 

4. DISCUSSION 

4.1 Oxygen isotope s h i f t s  

The d i s t r i b u t i o n  o f  oxygen isotopes among minera ls  and 
water a t  equ i l i b r i um fo l l ows  we l l  known ru l es .  Frac t -  
iona t i o n s  

6phasel-6phase2 ' 
increase f rom zero a t  very  h i g h  temperatures 

Table l b :  Bao Formation andesites 

Andesite 
Andesite 
Tuf f  
Andesite 
Breccia 
Tu f f  
Breccia 
Andesite 
Andesite 
Andesite 
Andesite 

504/509 +400 
214 +500 
1R3 -1467 
202 -296 
213 -147 
105 -212 
402 -1886 
4 05 -679 
405 -1602 
505 +4 9 
505 -830 

20 
20 

65 
260 
24 0 
230 
24 0 
255 
235 
110 
215 - 

7.3 
7.5 
4.0 
3.5 
6.1 
5.6 
9.9 
4.0 
3.6 
6.8 
3.7 

t y p i c a l l y  t o  tens o f  per m i l s  a t  room temperature. 
Ouartz i s  most enr iched i n  ISO, and u s u a l l y  minerals 
poor i n  Si02 a l so  have low 6"O. Oxygen isotopes 
provide one o f  the most use fu l  i n d i c a t o r s  o f  progressive 
water- rock i n t e r a c t i o n  i n  geothermal systems 
(McKibbin and Absar. t h i s  volume; B la t t ne r ,  1985, and 
t h i s  volume). 
have approximately 6 I B O  = -6.5 per m i l  and discharge 
waters from we l l s  have -1 ? 1 per m i l ,  i .e .  could be 
meteoric waters s h i f t e d  p o s i t i v e l y  by about 5.5 per 
m i l  (Hulston e t  a l . .  1982). This p o s i t i v e  s h i f t  o f  t he  
water (u ) requ i re ran opposing negat ive oxygen iso tope 
s h i f t  of'rock (uR). For a continuous f l o w  o f  meteor ic 
water through a we l l  mixed s i m p l i f i e d  reac t i on  zone o f  
a geothermal system, the  rese rvo i r  rock would,over tens 
o r  hundreds o f  thousands o f  years, g radua l ly  be p u l l e d  
towards an iso tope composit ion i h  equ i l i b r i um with t he  
meteoric i npu t  water. I n  t he  i n i t i a l  stages o f  t h i s  
development the  water throughput i t s e l f  would s u f f e r  a 
much more v i s i b l e  iso tope s h i f t  and t h i s  cou ld  be the  
obvious explanat ion o f  t he  t5.5 per  m i l  s h i f t  a t  
Tongonan. A c o r o l l a r y  o f  t h a t  i n t e r p r e t a t i o n  would 
be t h a t  the rese rvo i r  rocks would, correspondingly, 
show a r e l a t i v e l y  small oxygen isotope s h i f t ,  bu t  
approach iso tope equ i l i b r i um w i t h  the  s h i f t e d  meteor ic 
water. 

4.2 Or i g i na l  oxygen isotope composit ion o f  r ese rvo i r  

I n  o rder  t o  determine by how much a rese rvo i r  rock has 
been i s o t o p i c a l l y  a l te red ,  i t s  o r i g i n a l  isotope com- 
p o s i t i o n  must be known. Based on systematics from the  
l i t e r a t u r e ,  pluAonic rocks o f  oceanic a f f i n i t y  could 
range from c. 6 /00  blSO ( a t  low s i l i c a  values, e.g. 
gabbro) t o  about 7.5/00 (gran i tes) ,  w i t h  q u a ~ t z  as t h e  
m s t  "0 enr iched mineral, reaching about 8.5/00 
(Gar l i ckd  1966). 
w i t h  6.5/00, from we l l  Mamban 1, shows almost concor- 
dant quar tz  and fe ldspar  values and could represent an 
almost una l te red pr imary value (Table 1) .  
add i t i on ,  weathered surface samples from Mal i tbog and 
Sambaloran have 6I8O values o f  on l y  about +8 per m i l ,  
even though they may have undergone deuter ic  exchange 
w i t h  low temperature groundwater ( ~ 2 0 0  C). 
there fore  be assumed t h a t  the o r i g i n a l  oxygen iso tope 
composit ion f o r  andesi tes and d i o r i t e s  ranged from 6 t o  
7 wh i le  the s i l i c a - r i c h  p l u ton i c  rocks var ied  from 7 t o  
8 per m i l  6"O. 

The meteor ic waters o f  the  Tongonan area 

rocks 

O f  the analysed samples one d i o r i t e  

I n  

It w i l l  

Table 2: Geothermal quar tz  

Well no. Depth (m) 6180(o/oo) Temp OC 

105 -250 9.4 250 
105 -309 7.4 255 
108 -430 7.4 275 
2 08 -88 8.2 190 
209 +215 5.9 150 
209 -575 7.1 270 
209 -1873 4.3 330 
2 14 -212 10.1 260 
214 -212 6.3 260 
2R2 -947 6.7 270 
4 07 -505 6.4 285 
407 -484 7.7 285 
407 -520 9.9 285 
506 +72 8.4 a0 - 
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F i g .  2: D i s t r i b u t i o n  o f  6l80 
values f o r  Mahiao P l u t o n i c  
Complex ( d o t s :  Mahiao/Sainbaloran, 
d iagona ls :  Ma l i tbog ,  M: Mamban), 
and Bao v o l c a n i c s .  For the  
Bao v o l c a n i c s  t h e  deeper 
samples (c rosses  c -300 m) show 
compos i t i ons  s i m i l a r  t o  t h e  
MPC (one excep t ion ) ,  whereas t h e  
sha l low samples ( >  -200 m) seem 
l i t t l e  a f f e c t e d  by  i n t e r a c t i o n  
w i t h  water  (Levels re). s.1.). 

S c o t t  & B l a t t n e r  

1 I I I I I I I 
3 4 5 6 7 8 9 10 

Yo0 d ‘OO 

4.3 Present  c y c l e  a l t e r a t i o n  o f  r o c k s ?  

As shown i n  Tables l a  and l b ,  t h e  oxygen i s o t o p e  com- 
p o s i t i o n s  o f  a l t e r e d  r o c k s  v a r y  f r o m  2.5 t o  7.5 per  m i l  
w i t h  one v a l u e  a t  9.9 per  m i l .  Except ing Mamban, the  
p l u t o n i c  samples a r e  c o n f i n e d  t o  t h e  range between 
2.5 and 4.6 per  m i l  i n  Mahiao and Sambal-oran (ave.3.5) 
and between 4.0 and 5.2 per  m i l  i n  M a l i t b o g  (aver.4.6). 
The h is togram o f  F l g .  2 shows the  remarkably c l e a r  
d i s t i n c t i o n  between 6l80 va lues  o f  v a r i o u s  groups o f  
r o c k  and s e t t i n g s .  

For t h e  purposes o f  a f i r s t  approximat ion,  we s h a l l  
l a t e r  cons ider  t h e  Mahiao/Sambaloran s e c t o r  t o  be t h e  
main zone o f  water- rock i n t e r a t i o n .  Here t h e  oxygen 
i s o t o p e  s h i f t  f rom t h e  es t imated  o r i g i n a l  c .7  down t o  
3.5 per  m i l  gives UR = -3.5 per  m i l .  IS i t  
p o s s i b l e  t h a t  t h i s  e x t e n s i v e  i s o t o p i c  a l t e r a t i o n  o f  
t h e  Mahiao r e s e r v o i r  r o c k s  was induced by  t h e  p resen t  
geothermal c y c l e ?  Th is  would make sense, because the  
Mahiao s e c t o r  i s  i n  f a c t  the  main p roduc ing  area, b u t  
i t  would r e q u i r e  t h e  a l t e r e d  rocks  t o  approach i s o t o p e  

a f t e r  f e l d s p a r  has been comple te ly  exchanged ( T a y l o r  
and Fores te r ,  1979). 
ances i n  geothermal systems, between 6l80 o f  p r i m a r y  
unexchanged q u a r t z  and exchanged f e l d s p a r  (e.g. 
B l a t t n e r ,  1985, F ig.  6 ) .  
f e l d s p a r  p a i r s  f rom M a l i t b o g  a r e  e x c e l l e n t  examples o f  
t h a t  s i t u a t i o n .  The quar tzes,  a long  w i th  those  f rom 
Mamban, h o n f i r m  i n i t i a l  u n a l t e r e d  d i o r i t e  composi t ions 
near  7.5/00 6 ” O .  I n  c o n t r a s t ,  t h e  p icked  q u a r t z  f rom 
w e l l  209 appears exchanged o r  r e c r y s t a l l i s e d ,  b u t  
cannot  be i n  e q u i l i b r i u m  wi th  thg analysed c o e x i s t i n g  
fe ldspar ,  n o r  w i th  water  near 4/00 a t  l e s s  than  about 
400 C, and needs d e t a i l e d  c o n f i r m a t i o n .  

T h i s  leads  t o  f r e q u e n t  d i s c o r d-  

The two p r imary  q u a r t z -  

4.4 Geothermal hydro logy  

F ig .  3 g i v e s  an overv iew o f  t h e  oxygen i s o t o p e  compo- 
s i t i o n s  of rocks .  
t h e  cons iderab le  i s o t o p e  s h i f t  uR o f  many samples, 
e s p e c i a l l y  t h e  whole Mahiao sec to r ,  r e q u i r e s  a cons id-  
e r a b l e  p a s t  th roughpu t  o f  meteor i c  water. 

Regardless o f  t h e  m o d e l l i n g  used, 

F i g .  3: T o t a l  r o c k  6 ” O  va lues  
s e t  i n  three- dimensional  v i e w  o f  
Tongonan geothermal r e s e r v o i r  
w i th  Mahiao P l u t o n i c  Complex 
(c rosses) ,  o v e r l a i n  by  Bao 
Vo lcan ic  Formation. Squares 
r e f e r  t o  Bao Fm. and d o t s  t o  
Mahiao I n t r u s i v e s  (whole r o c k  
analyses;  s e c t i o n  C- D o f  
F i g .  1 ) .  Values decreas ing  
froin Mamban toward NW, and 
lowes t  i n  Mahiao/Sambaloran. 
Top o f  d iagram i s  sea l e v e l ;  no 
v e r t i c a l  exaggera t ion .  

e q u i l i b r i u m  w i th  p resen t  day deep th roughpu t  wa te r .  A 
l o w  3 / 0 0  f o r  r o c k  w i t h  t h e  approximate i s o t o p e  p roper-  
t i e s  8 f  andes i te  f e l d s p a r  wouad r e q u i r e  Na te r  o f  
c .  -1 /oo  a t  29OoC o r  c .  -0.5/00 a t  310 C f o r  e q u i l i -  
b r ium ( c f .  Tay lo r .  1979; Matsuhisa e t  a l . ,  1979), 
which i s  s u f f i c i e n t l y  c l o s e  t o  the  =red 6 ” O  
va lues  o f  Hu ls ton  tal., e s p e c i a l l y  i n  v iew o f  
u n c e r t a i n t i e s  i n  exac t  f e l d s p a r  composi t ions,  
water  sampling, and thermometer C a l i  b r a t i o n .  
i f  many Mahiao cores  had oversho t  e q u i l i b r i u m  by more 
than  one per  m i l  o r  so, then. a p r e v i o u s  h i g h e r  
temperature o r  l o w e r - 6 I 8 0  a1 t e r a t i o n  e v e n t  would have 
t o  be invoked.  ) 

Q u a r t z  i s  s low i n  exchanaing 
oxygenwxen compared w i t h  f e l d s p a r ,  and, below 400 C 
a t  l e a s t ,  o f t e n  preserves i t s  o r i g i n a l  6I80 v a l u e  even 

(However, 

Re1;ctprimary quar tz .  

Box model. Whi le  a c losed  ‘box ’  i s  o b v i o u s l y  un-  
r e a l i s t i c f o r  a geothermal system on  account o f  
p o r o s i t y  l i m i t s ,  an open o r  p a r t i a l l y  open ‘mixed’  box 
may have cons iderab le  re levance  because most systems 
have pronounced h i g h  temperature r e a c t i o n  zones. 
App ly ing  a p e r f e c t l y  open model t o  Mahiao and u s i n g  
UR = -3.5 and uw 2 5.5 f rom above, we o b t a i n  t h e  
f o l l o w i n g  cumula t i ve  wa te r- to- rock  r a t i o  b y  volume 

uR 

u w f  
V,/VR = 1.3 I n  (1 - --) = 0.64 

( B l a t t n e r ,  1985). That  i s  f o r  every  km3 o f  exchanged 
rock,c. 0.64 km’ o f  meteor i c  water  would have passed 
th rough  u n t i l  now; an  o u t e r  maximum c o u l d  be c a l c u l a t e d  
( f o r  t h e  c l o s e d  box) a t  a.83 km’. T h i s  corresponds t o  
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a throughput  r a t e  o f  10 l / s e c  per  1 0 h 3  o f  a1 t e r e d  
r e s e r v o i r  f o r  a p e r i o d  o f  about  20,000 years, or of 
Y / s  for 200,000 years. In any event, the 
d a t i v e  discharge would p t  the 'Ibngonan 
system less than half way to Wairakei in the 
evolutionary series of the open mixed box mdel. 

L i m i t s  o f  system. M a l i t b o g .  The seemingly l e s s  
e x c h g e d  8 ' " 0 e s  =Fed rock  f rom t h e  
M a l i t b o g  s e c t o r  c o u l d  i n i t i a l l y  suggest t h a t  we 
approach t h e  lower  temperature and lower  p e r m e a b i l i t y  
margins o f  t h e  main system. However, i n  t h a t  case t h e  
8 va lues  o f  d i scharge  water  should be cor respond ing ly  
somewhat h igher ,  too,  excep t  f o r  temperature c o r r e c -  
t i o n .  I n  f a c t ,  Hu ls ton  e t  a l .  f i n d  -2 t o  -3 per  m i l  
f o r  t h e  500 s e r i e s  w e l l s m s  l o w  c h l o r i d e  va lues .  
T h i s  suggests near- sur face  admix tu re  o f  s h o r t -  
c i r c u i t e d  meteor i c  wa te rs  t h a t  have n o t  taken p a r t  i n  
t h e  main c y c l e ,  and indeed concurs wi th  t h e  f a c t  t h a t  
p r o d u c t i o n  zones ( f r o m  where t h e  measured d ischarge  
wate rs  must have come) a r e  r e l a t i v e l y  sha l low i n  t h i s  
a rea .  
s h i f t  o f  t h e  a l t e r e d  r o c k s  may i n d i c a t e  s lower 
r e a c t i o n  r a t e s  a t  lower temperature, and, more impor t-  
a n t l y ,  r e l a t i v e l y  r e c e n t  i n v a s i o n  o f  a former lower-  
p e r m e a b i l i t y  r e a c t i o n  zone by  near- sur face  waters.  

The l a c k  o f  a corresponding inc reased  down- 

4.5 Bao Format ion geothermal q u a r t z  

The Bao Format ion c o n t a i n s  numerous v e i n s  o f  secondary 
(geothermal)  q u a r t z  and a random sample o f  these  has 
been analysed (Tab le  2 ) .  The r e s u l t s  a r e  p l o t t e d  i n  
F i g .  4. 
"0 va lues  f o r  q u a r t z  a r e  a l s o  p l o t t e d  on F i g . 4  . 
These curves  a r e  c a l c u l a t e d  u s i n g  an average f i a l d  
p ressure  p r o f i l e  o f  8 1  bars/100 m ( S a r i t ,  1983), steam 
t a b l e s  (Keenan e t  a l . ,  1969), and t h e  quar tz- wate r  
f r a c t i o n a t i o n  e q F f i o n  o f  Matsuhisa e t  a l .  (1979). 
Temperatures a t  s a t u r a t e d  vapour p ressures  a r e  f i r s t  
conver ted  t o  f r a c t i o n a t i o n  f a c t o r s ,  then 8 l 8 0  va lues  
f o r  q u a r t z  a r e  c a l c u l a t e d  u s i n g  these  f a c t o r s  and two 
assumed8"O values ( 0  and -1 per  m i l )  f o r  present- day 
geothermal water, t h e  band deno t ing  BPD c o n d i t i o n s  f o r  
p u r e  water .  
w i t h i n  o r  c l o s e  t o  t h e  BPD band, sugges t ing  t h a t  up  
t o  70 percen t  o f  t h e  q u a r t z  i s  r e l i c t .  The r e l i c t  
samples, which p l o t  o u t s i d e  the  BPD band, may a l s o  
have p r e c i p i t a t e d  f rom b o i l i n g  f l u i d s ,  b u t  t h e  wa te r-  
t a b l e  o f  these  o l d e r  f l u i d s  would have been h i g h e r  ( b y  
u p  t o  ca. 1 km !? )  than p resen t ,poss ib ly  because o f  
t e c t o n i c  u p l i f t  o f  t h e  r e g i o n  i n  t h e  guaternary,  o r  
drops i n  t h e  water  t a b l e  f o r  o t h e r  reasons. I n  some 
cases ( w e l l s  407, 214) d i f f e r e n t  genera t ions  o f  q u a r t z  
a r e  present ,  bu t  w i t h o u t  ev idence o f  r e l a t i v e  ages. 
I t  i s  no ted  t h a t  a l l  these q u a r t z e s  a r e  f rom r e l a t i v e l y  
sha l low levels ,where f l u i d s  a r e  s u b j e c t  t o  t h e  i s o t o p e  
e f f e c t s  o f  evaporat ion,  condensat ion and s u r f a c e  m i x i n g  
more than a t  deeper l e v e l s .  

5. SUMMARY AND CONCLUSIONS 

I n  s p i t e  o f  t h e  s t i l l  l i m i t e d  amount o f  work t o  date,  
t h e  Tongonan geothermal f i e l d  i s  by now probab ly  one o f  
t h e  i s o t o p i c a l l y  b e t t e r  known f i e l d s  o f  the  P h i l i p p i n e s  
and a number o f  conc lus ions  can be drawn. 

(1) A l a r g e  f r a c t i o n  o f  t h e  Mahiao P l u t o n i c  Complex t o  
more than 1 km below t h e  c o n t a c t  i s  geo therma l l y  
a1 t e r e d  and approaches oxygen i s o t o p e  e q u i l i b r i u m  w i t h  
present- day f l u i d s  d i s c h a r g i n g  f rom welbs. The oxygen 
i s o t o p e  s h i f t s  o f  t h e  rocks, o f  c .  -3.5/00 i n  t h e  most 
p r o d u c t i v e  p a r t  o f  t h e  f i e l d  a r e  l i k e l y  t o  be due t o  
t h e  p resen t  geothermal c y c l e  . The t o t a l  wa te r  
th roughpu t  f r o m  a meteor i c  source can be c a l c u l a t e d  f o r  
Mahiao as  about  0.7 km3 STP f o r  each km' o f  a l t e r e d  
rock,  much l e s s  t h a n  f o r  example a t  Wairakei, b u t  con- 
s i d e r a b l y  more than  a t  Ngawha i n  New Zealand. 

B o i l i n g  p o i n t  f o r  dep th  (BPD) curves f o r  t h e  

Less than h a l f  o f  t h e  quar tzes  p l o t  

( 2 )  The s l i g h t l y  lower- temperature M a l i t b o g  s e c t o r  shows 
h i g h e r  5l80 va lues  f o r  the  rock  and lower  6l80 f o r  t h e  
water  than  Mahiao. T h i s  suggests c o o l  groundwater 
admixture i n  a p r e v i o u s l y  lower  f l u i d  throughput ,  
s l i g h t l y  marg ina l  zone o f  t h e  f i e l d .  One c o u l d  ask 
whether t h e  deepest M a l i t b o g  f l u i d s  m i g h t  n o t  i n  f a c t  
have e n r i c h e d  b l 8 0  i n  comparison t o  Mahiao, i f  sampl ing 
techniques f o r  water  c o u l d  be improved. 
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P l o t  o f  reduced l e v e l  versus 8"O 
va lues  f o r  geothermal q u a r t z  i n  t h e  
eao Formation. The s o l i d  cu rves  
r e p r e s e n t  present- day b o i l i n g  point 
f o r  dep th  curves f o r  a reasonable 
range o f  present- day d ischarge  waters. 

( 3 )  The main s u r f a c e  recharge area may l i e  c l o s e  b y  i n  
t h e  h i l l s  n o r t h  o f  Mahiao ( P h i l i p p i n e  F a u l t ? ) ,  and i s  
perhaps l e s s  l i k e l y  t o  be found i n  t h e  sou th  e a s t ,  

s ince  f lu id would then have t o  come i n  below t h e  c o o l e r  
and a lmos t  unexchanged Mahanagdong and Mamban areas.  

( 4 )  About 253 o f  sha l low geothermal q u a r t z  i n  t h e  Bao 
Format ion may be a s c r i b e d  t o  d e p o s i t i o n  f rom b o i l i n g  
f l u i d s  d u r i n g  t h e  p resen t  cyc le .  
suggest a gradual  drop o f  t h e  water  t a b l e  d u r i n g  t h e  
geothermal a c t i v i t y ,  p o s s i b l y  due t o  t e c t o n i c  up1 i f t .  

The l a r g e  cumula t i ve  throughput  i n  evidence f o r  t h e  
Mahiao s e c t o r  would i n s p i r e  confidence t h a t  a r e l a -  
t i v e l y  l a r g e  and l o n g - l a s t i n g  source has been tapped. 

The remainder 
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