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ABSTRACT 

The Bacon-Manit0 geo the rmal  f i e l d  e x h i b i t s  chemica l  
z o n a t i o n  of the rmal  f e a t u r e s  t h a t  is  t y p i c a l  o f  
i s l a n d  a r c  a n d e s i t e  hydrothermal  sys tems .  Zonat ion 
.sf hydrothermal  m i n e r a l s  i n  t h e  vadose zone 
i n  t h e  p r o d u c t i o n  w e l l s  r e f l e c t s  t h i s  chemica l  ' 

d i s t r i b u t i o n  o f  s u r f a c e  f l u i d s .  The i n t e r f a c e  
between t h e  vadose zone and t h e  c h l o r i d e  r e s e r v o i r  
r ' l u ids  is marked by d i s t i n c t  changes i n  hydro the rmal  
m i n e r a l s :  t h e  i n f l u x  of a n h y d r i t e  and ca lc i te ,  and 
t h e  t r a n s i t i o n  of k a o l i n i t e  t o  c h l o r i t e  and c r i s t o -  
b a l i t e  t o  q u a r t z .  The hydro the rmal  minera logy  and 
f l u i d  i n c l u s i o n  d a t a  i n d i c a t e s  t h a t  t h e  e p i t h e r m a l  
r e g i o n  o f  t h e  e a s t e r n  s e c t o r  o f  Bac-Maw approximated 
" b o i l i n g  p o i n t  w i t h  dep th"  c o n d i t i o n s  i n  t h e  past.  
Coo l ing  c f  t h e  system and  downward p e r c o l a t i o n  o f  
c o o l  a c i d  s u l p h a t e  and n e u t r a l  s u l p h a t e- b i c a r b o n a t e  
f l u i d s  from t h e  vadose  zone i n t o  t h e  h o t  c h l o r i d e  
r e s e r v o i r  h a s  caused  p r e c i p i t a t i o n  o f  q u a r t z ,  a n h y d r i t e  
and  calci te  i n  f r s c t u r e s ,  and produced a 80@m s e a l e d  
c a p  on a n e u t r a l  c h l o r i d e  r e s e r v o i r ,  l o c a l l y  t r a p p i n g  
two phase ,  g a s  r i c h  p o c k e t s .  

INTRODUCTION 

The Bacon-Manito (Bac-Man) geothermal  f i e l d  i s  s i t u a t e d  
a l o n g  t h e  a c t i v e  B i c o l  I s l a n d  arc v o l c a n i c  c h a i n  i n  
t h e  s o u t h e r n  p o r t i o n  o f  t h e  i s l a n d  o f  Luzon (F ig .  1 ) .  
Th?s l i n e  of  r e c e n t  and a c t i v e  compos i t e  a n d e s i t e  
e r u p t i v e  c e n t e r s  i s  p o s t u l a t e d  , (Ancharya and Aggarwal 
19801, to  be a p r o d u c t  o f  t h e  westward subduc t ion  o f  
t h e  P h i l i p p i n e  Sea  P l a t e  a l o n g  t h e  P h i l i p p i n e  Trench.  
The Bac-Man P r o j e c t  l ies between t h e  two a c t i v e  
vo lcanoes  M t .  Bulusan 30 km. t o  t h e  s o u t h- e a s t  and 
t h e  majestic M t .  Mayon 30 km. t c  t h e  nor th- wes t .  

The Bac-Man p r o j e c t  c o v e r s  a n  area o f  a lmos t  300 km.2 
o v e r  which 23 e x p l o r a t i o n ,  d e l i n e a t i o n ,  p r o d u c t i o n  
and  r e i n j e c t i o n  w e l l s  have  been d r i l l e d  i n  t h e  high-  
l a n d  r e g i o n ,  and t h r e e  i n  t h e  n o r t h e r n  Manito lowlands  
( F i g .  2 ) .  The p r o j e c t  area is rugged,  t h e  o l d e r  
west.ern s e c t o r  b e i n g  h i g h l y  eroded and  t h e  younger 
e a s t e r n  s e c t o r  capped by r e c e n t  basic a n d e s i t e  cones  
and c o l l a p s e  f e a t u r e s  (Lawless  e t  a l .  1983) .  The most 
prominent  o f  t h e s e  f e a t u r e s  are  t h e  b a s a l t i c  a n d e s i t e  
c o c e s  of M t .  Pangas (1076m e l e v a t i o n )  an? M t .  Pu loq .  
The c u r r e n t  qeo thenna l  systems i s  p robab ly  hea ted  by 
t h e  i n t r u s i v e  e q u i v a l e n t s  o f  t h e s e  b a s i c  t o  i n t e r m e d i a t e  
v c l c a n i c s .  

BJc-Man i s  c u r r e n t l y  unC'er e x p l o i t a t i o n  by t h e  
P h i l i p p i n e  Nat ional  O i l  Company (PNOC) f o r  a f i r s t  
s t a g e  11OMWt. e l e c t r i c i t y  g e n e r a t i o n  development .  
Eleven p r o d u c t i o n  w e l l s  ( P a l -  2D t o -4D,  and-6@ to-13D) 
have  been completed t o  v e r t i c a l  d e p t h s  of 1.5- 3.0 kn., 
h o r i z o n t a l  throws o f  u p  t o  1.5km. a r d  75-80E.bJe o u t p u t .  
Four  r e i n j e c t i o n  w e l l s  (Pal-XRD to-4RD) have been 
completed t o  d e p t h s  of 1.5-2.0 k n .  and throws of 1.Okm. 
These w e l l s  have p e n e t r a t e d  p redominan t ly  i n t e r c a l a t e d  
a n d e s i t e  to  b a s a l t i c  l a v a s  acd p y r o c l a s t i c s  wi th  minor 
v o l c a n i c l a s t i c  and c a l c a r e o u s  sed iment s  and i n t e r m e d i a t e  
t o  b a s i c  i n t r u s i v e s  - 

I EXTINCT VOLCANOES 

Fig.  1 LOCATION OF THE BAC-MAN GEOTHERMAL FIELD 
WIT1 1IN THE BICOL VOLCANIC CHAIN. 
0, 0 20 33 .10 W K m .  
--A_- . 
GRAPHIC SCALE 

Over t h e  p a s t  few y e a r s  d r i l l  c u t t i n c s  f rcm bo th  
p r o d u c t i o n  and r e i n j e c t i c n  w e l l s  have been pe t ro -  
g r a p h i c a l . 1 ~  a n a l y s e d  e v e r y  5-10 meters. S i n c e  many 
w e l l s  heve been d r i l l e d  w i t h  water below a b o u t  1OOOm 
r s l  ( r e l a t i v e  t o  sea l e v e l ) ,  t h i s  d e t a i l e d  a n a l y s i s  
h a s  been  r e s t r i c t e d  t o  t h e  e p i t h e r m a l  (O-l.Skm., 
arrbient-25OoC) environment  o f  t h i s  geothermal  sys tem.  
T h i s  paper  o u t l i n e s  t h e  z o n a t i o n  o f  a l t e r a t i o n  
minera logy  obse rved  a t  s h a l l o w  l e v e l s  i n  Bac-Wan, 
which r e f l e c t s  
a r c  qeother inal  s e t t i n q .  

t h e  e p i t h e r m a l  hydroloqy i n  an i s l a n d  

D i s t r i b u t i o n  of Thermal F e a t u r e s  

I n  t h e  s t e e p  undu la t inq  t e r r a i n  of a n  i s l a n d  a r c  
qco the rmal  system t h e  c h l o r i d e  r e s e r v o i r  water level 
i s  u s u a l l y  d e e p  (Henley and E l l i s  198?) r e su l t inc r  i n  an 
e k f e n s i v e  vadose zone. Within t h i s  vadose zone a t  
Bac-Plan t h e r e  is  a z o n z t i o n  of the rmal  f e a t u r e s  a t  
v a r i o u s  e l e v a t i o n s  above t h e  o u t f l o w  of  r e s e r v o i r  
c h l o r i d e  f l u i d s  ( F i q .  2 and F i q .  3 )  t y p i c a l  of a n  
a n d e s i t e  i s l a n d  a r c  vclcanc.  ( B a r n e t t  ?t: a l .  1 W J ) a r d  
which may be summarized a s  fo l lows :  

-- 

(i)  S o l f a t a r a - M t .  Panqas (900-lOOm r s l )  

( i i)  Acid S 0 o 2  sprinqs-Cswayan, P u t i n q  Patc, 
Damoy and Inanq Mahararrq ( 3 0 0 - 7 0 0 m  rsl) 
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CECEnO 
THERMAL FEATURES 
a Solloloro 

EXAGGERATED VFRTICAL SCALE 

SCALE ": 
V X )  

Fig. 2 LOCATION OF THERMAL FEATURES & WELL TRACKS 
BACON- M A N I T 0  GEOTHERMAL PROJECT 

'r5L=4v-HKM 
GRAPHIC SCALE 

A Hydrothermal Mineralogy 

C a w o m  The d i s t r i b u t i o n  and r e l a t i v e  abundances of some 

(iii) N e u t r a l  SO: - HC03- B ica rbona te  s p r i n g s-  
Inang Maharang, Banao, Azufre Balasbas  
and Malangto (70-300m rsl) 

2 ( i v )  Mixed SO4- HCO; and C1-  - springs-Buyo, 
Malangto and Naghaso (20-70m rsl) 

(v)  Neut ra l  R e s e r v c i r  Ch lo r ide  spr ings- Parong,  
Pawa and Naghaso ( s u b - t i d a l  tc 2 0 m  rsl) 

The a c i d  s u l p h a t e  s p r i n g s  a t  Ba la sbas  and Malangto 
a r c  anomalous i n  t h i s  zona t ion .  

s i g n i f i c a n t  hydrothermal  m i n e r a l s  down to  -1000m rsl 
i n  Dal 130,  a " t y p i c a l "  E:..:-Nan p r o d u c t i o n  
well j .S j - j l w t r a t e d  i n  F i ? .  4 .  There  a r e  minor 
i n c o n s i s t e n c i e s  i n  t h i s  d i s t r i b u t i c n  w i t h i n  t h e s e  
w e l l s  and s i g n i f i c a n t  v a r i a t i o n s  i n  w e l l s  o u t s i d e  t h e  
area p e n e t r a t e d  by t h e s e  wells. 

(i)  i.l ineralogy - Surfzce t o  200n rsl  

The c t i x q e s  i n  a l t e r a t i o n  n i n e r a l a ~ y  
w i t h  depth  c l o s e l y  r e f l e c t  t h e  
.zonat.ion observed i n  t h e  chernis ii'y 
O Z  tlic s u r f a c e  t h c r n a l  feature:;:  

( a )  Su r face  t o  600m rsl i s  a zone of f r e s h  
t o  v e r y  weakly a l t e r e d  p y r o c l a s t i c s  and 
l a v a s .  The a l t e r a t i o r .  m i n e r a l s  a r e  predo-  
minan t ly  s m e c t i t e  an? h e m a t i t e  which a r e  
p robab ly  wea the r ing  p r o d u c t s .  

( b )  400 t o  700m rsl d e f i n e s  t h e  e l e \ . a t i on  ranqe 
w i t h i n  which a c i d  a l t e r a t i o n  assemblaqes  of 
A l u n i t e  (Al) + K a o l i n i t e  (K) + C r i s t o b a l i t e  
( C r )  +_ TridymiLe ( T r )  f. C,^ ;a l (O)  +_ Smec t i t c  
(Sm) Quar t z  ( 9 )  i s  encountered (400-500 
m rsl i n  t h e  "typical" w c l l ) .  T h i s  
co r r e sponds  t o  t h e  e l e v a t i o n  range of acid. 
s u l p h a t e  s p r i n q e  a t  300-G00m rsl ( F i q .  3) 
These h iqh l e v r l  a c i d i c  zones do no t  h a w  
e x t e n s i v e  h o r i z o n t j l  d i s t r i b u t i o n  and a r e  
t h e r e f o r e  i n t e r p r e t e d  t o  be r e s t r i c t e d  to  
f r a c t u r e  zones .  S i m i l a r  a l u n i t e  + k a o l i n i t e  
bca r inq  f r a c t u r e  zones a r e  observed a t  t h e  
surface a t  700m rs l  i n  the Cawayan area .  
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Sm I - S m  I K C h  T r O c r O  Pn GI Ct  EP A I  J WLhD Imls) 
600- ; : ! !  ! ! : :  ! !  ! : ! ! : !  

I 

T h i s  a c i d i c  minera logy  is  i n t e r p r e t e d  t o  have been 
produced from r o c k  l e a c h i n g  by s u l p h u r i c  a c i d  formed 
by o x i d a t i o n  of  H2S which has  r i s e n  up f r a c t u r e  zones 
from t h e  deep  r e s e r v o i r  f l u i d .  Oxida t ion  would be 
l i m i t e d  t o  e l e v a t i o n s  i n  which f r e e  oxygen o c c u r s .  

(c)  A t  approximate ly  200-400m rsl  t h e  a l t e r a t i o n  
minera logy  Sm + C r  2 K 2 Gypsum (Gy) 2 C a l c i t e  

S i d e r i t e )  i s  encounte red .  T h i s  zone,  char;1ctc- 
r i z e d  by t h e  appearance  o f  t h e  s u l p h a t e  gypsum 
and t h e  c a r b o n a t e  m i n e r a l s  i s  t h e  p r o d u c t  o f  
rock  r e a c t i o n  wi th  t h e  n e u t r a l  s u l p h a t e-  
b i c a r b o n a t e  f l u i d s  t h a t  o u t f l o w  a t  t h e  s u r f a c e  
at .  70-300m rsl.  The s u l p h a t e- b i c a r b o n a t e  
f l u i d  h a s  formed by t h e  c o n d e n s a t i o n  of C02 
emanating from t h e  deep c h l o r i d e  r e s e r v o i r  and 
mixing w i t h  t h e  o v e r l y i n g  a c i d- s u l p h a t e  f l u i d s .  
L o c a l l y  t h e r e  is a n  i n f l u x  of gypsum a t  t h e  
upper p o r t i o n s  o f  t h i s  zone which marks t h e  
d e p t h  o f  i n i t i a l  mixing.  

( C t ,  o r  i n  some c a s e s  Dolomite,  A n k e r i t e  and 

(d )  A zone w i t h  minera lbgy  r e f l e c t i c g  b o t h  t h e  
c h l o r i d e  r e s e r v o i r  f l u i d s  ( C h l o r i t e ,  Ch, + 
Anhydr i te ,  A h , +  Q) and t h e  s u l p h a t e- b i c a r b o n a t e  
zone (K + Gy + C r  ) i s  observed  a t  around 

200m rsl w i t h  a t h i c k n e s s  of up t o  50-100m. T h i s  
co rres ponds t o  t h e  m i  xed c h l o r i d e  s u l p h a t e-  b i c a  r bona t e 
thermal  s p r i n g s  observed  i n  t h e  Manito l o w l d d s  a t  
20-70m rsl .  

(ii) >!ineraloqy %SO t o  150m irsl 

Kaolinite is s t a b l e  i n  t h e  vadose  zone where 
t h e  f l u i d  pH is s u f f i c i e n t l y  low ( t h r o u q h  g a s  
o x i d a t i o n  and c o n d e n s a t i o n )  t o  f a v o u r  i t s  
f o r m a t i o n .  C h l o r i t e  on t h e  o t h e r  hand i s  S t a b l e  
a t  t h e  n e u t r a l  p H  and e l e v a t e d  t e m p e r a t u r e s  Of 
t h e  c h l o r i d e  r e s e r v o i r . .  

( b )  I n f l u x  of Anhydr i te  

Anhydr i te  is p r e c i p i t a t e d  by s u l p h a t e  r i c h  f l u i d s  
from t h e  vadose zone mixing w i t h  t h e  h i g h  
tempera ture -n iqh  calcium r i c h  c h l o r i d s  r e s e r v o i r  

Fig. 4 THE 3!STFiiBUT!ON UFSOME SICiNiFiCLVJT HYDROTuERMAL ilri iNERALCGY 
COMF,WED TO THE DISTR!i3ilTICN OF FLUID CHEMISTRY, DOWNHOE INCLUSkX< 
TEMPERATdRES IN A "TYPICAL" BAC-MAN PRODUCTION WELL. 
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f l u i d .  There is a s h a r p  i n f l u x  o f  a n h y d r i t e  a t  
180m rsl.  T h i s  c o i n c i d e s  w i t h  t h e  p i e z o m e t r i c  
s u r f a c e  of t h e  r e s e r v o i r .  Aphydr i t e  also o c c u r s  
50-100m above t h i s  l e v e l  i n  v e r y  minor amounts 
where i t  i s  l o c a l l y  a l t e r e d  t o  qypsum. Anhydr i t e  
i n  t h i s  i n t e r v a l  may i n d i c a t e  a r e l i c t  h i g h e r  
water l e v e l  o r  s imply  a mix ing  zone.  

The h y d r a t e d  c a l c i u m  s u l p h a t e ,  gypsum, c o n t i n u e s  t o  
be  encoun te red  below t h e  c h l o r i d e  r e s e r v o i r  l e v e l .  
I ts  d i s a p p e a r a n c e  w i t h  dep th  i s  though t  t o  be  
t e m p e r a t u r e  dependent  (empirical maximum the rmal  
s t a b i l i t y  o f  approx imate ly  150-17SGC) . 
(c) I n f l u x  of Calci te  

A s  f o r  a n h y d r i t e ,  t h e  i n v e r s e  s o l u b i l i t y  o f  ca lc i te  
and  t h t  mixing o f  b i c a r b o n a t e  r i c h  and ca lc ium r i c h  
f l u i d s  c a u s e s  t h e  p r e c i p i t a t i o n  o f  calcice as t h e  
cool b i c a r b o n a t e  f l u i d s  from t h e  vadose zone mix 
w i t h  t h e  h o t  c h l o r i d e  r e s e r v o i r  f l u i d .  

(d) T r a n s i t i o n  of C r i s t o b a l i t e  t o  Quar tz  

C r i s t o b a l i t e  is  t h e  predominant  s i l i c a  phase  w i t h i n  
t h e  vadose zone,  whereas  q u a r t z  i s  t h e  major s i l i c a  
species w i t h i n  t h e  c h l o r i d e  r e s e r v o i r .  E m p i r i c a l l y ,  
s i l i c a  p h a s e  geothermometry i n d i c a t e s  t h a t  t5e deep 
c h l o r i d e  r e s e r v o i r  is  i n  e q u i l i b r i u m  w i t h  q u a r t z ,  
whereas  n e a r  s u r f a c e  f l u i d s  are i n  e q u i l i b r i u m  
w i t h  c r i s toba l i t e  o r  amorphous s i l i c a .  

Although c r i s t o b a l i t e  is  n o t  encoun te red  below t h e  
i n t e r p r e t e d  c h l o r i d e  r e s e r v o i r  l e v e l ,  q u a r t z  i s  
l o c a l l y  encoun te red  above it a t  t w o  e l e v a t i o n s  : 

1) Quar tz  may e x t e n d  up to  150m above t h e  i n t e r -  
p r e t e d  r e s e r v o i r  water l e v e l .  T h i s  i s  o n l y  
obse rved  i n  t h e  e a s t e r n  p r o d u c t i o n  wells and 
may i n c i i c a t e  a re l ic t  h i g h  water l e v e l  i n  
t h e  z r e s  of f l u i d  upflow.  T h i s  h y p o t h e s i s  
i s  s u p p o r t e d  by f l u i d  i n c l u s i o n ,  downkole 
neasurements  and m i n e r a l  d i s t r i b u t i o n  c?ata -4s 
o u t l i n e d  i n  f o l l o w i n g  s e c t i o n s .  

2) Q u a r t z  i s  l o c a l l y  abundan t  i n  zones o f  a c i d  
a l t e r a t i o n  w i t h i n  t h e  i n t e r p r e t e d  vadose zone 
The c o n t r o l s  o f  q u a r t z  fo rmat ion  i n  l o w  
t e m p e r a t u r e  a c i d  environments  i s  n o t  w e l l  
unders tood .  

The i n f l u x  of abundan t  q u a r t z  a t  t h e  c h l o r i d e  
r e s e r v o i r  l e v e l  a l o n g  w i t h  a n h y d r i t e  and/or 
ca lc i t e  i s  i n t e r p r e t e d  t o  o c c u r  i n  r e sponse  t o  
quench ing  of h o t  r e s e r v o i r  f l u i d  by mixing w i t h  c o o l  
s u l p h a t e  and/or  b i c a r b o n a t e  f l u i d s  from t h e  vadose 
zone. 

(iii) Mineraloav 1 5 0 m  t o  -900m r c l  

( a )  Clay Minera l s  

Smec t i  tc i s  t h e  p redominan t .  c l a y  m i n e r a l  
w i t h i n  t h e  i n t e r p r e t e d  vadose zone a l t h o u q h  
v e r m i c u l i t e  h a s  been report 'ed .  The 14 .SAo 
Ca-smct i te  is  t h e  main species, a l though  
t h e  1 2  .5A0 Na-smectite i s  l o c a l l y  abundant  
as w e l l .  Within t h e  c h l o r i d e  r e s e r v o i r ,  
t h e r e  i s  a p rograde  sequence  of c l a y  
mineralogy presumable dependen t  on r e s e r v o i r  
t e m p e r a t u r e ,  (Leach and Harvey 1982) , w i t h  
smectite o c c u r r i n q  down t o  - 200 , i l l i t e -  
smectite a t  -200m t o  -500111 rsl (150- 
23OoC) , and i l l i t e  below approx imate ly  
-500m rs l  ( >  230OC). 

T h i s  d i s t r i b u t i o n  o f  c l a y  m i n e r a l s  is 
compl ica ted  by t h e  p e r s i s t e n c e  of  I-Sm and I 
a t  s h a l l o w  l e v e l s  where t h e  c u r r e n t  fo rmat ion  
t e m p e r a t u r e  i s  a t  l eas t  GO-8O0C below t h o  
minimum the rmal  s t a b i l i t y  l i m i t  f o r  t h o s e  
m i n c r a l s  (from Leach e l  a l ,  1383) as i n d i c a t e d  
i n  FicJ.4. Srn and I-Sm are a l s o  found i n  
abundance,  a t  d e p t h s  wherc t h e  fo rmat ion  

t empera tu res  exceed t h e  maximum s t a b i l i t y  l i m i t  
of t h e  m i n e r a l s  ( e . g .  Sm o c c u r s  i n  Pal-3P.D t o  l O O O m  
rs l  a t  260OC). The former are  p robab ly  remnants  of 
a h o t t e r  regime a t  sha l low e l e v a t i o n s ,  hihereas t h e  
l a t t e r  a r e  re l ic ts  of c o o l e r  f l u i d  c o n d i t i o n s  a t  
d e p t h .  

( b )  Ep ido te  

Ep ido te  is  f i r s t  encoun te red  i n  the  
groundmass i n  p r o d u c t i o n s  wells between 
150m and - 1 0 0 m  rsl  where t h e  c u r r e n t  
fo rmat ion  t empera tu res  are  a t  l e a s t  ~ O O O C  

lower  t h a n  t h e  minimum the rmal  s t a b i l i t y  
t empera tu re  o f  240-25O0C f o r  e p i d o t e  
fo rmat ion  (Leach et. a1 1983,  Reyes and 
T o l e n t i n o  1 9 8 2 ) .  Ep ido te  o c c u r s  s p o r a d i c a l l y  
below t h i s ' d e p t h  a l t e r e d  t o  a n o n d e s c r i p t  
m i n e r a l .  I n  many p r o d u c t i o n  w e l l s ,  e p i d o t e  
i s  l o c a l l y  abundan t  below -500 t o  -700n rsl .  

(c )  Vein t4ineraloqy 

Q u a r t z ,  a n h y d r i t e  and ca lc i t e  are t h e  main 
hydro the rmal  m i n e r a l s  b o t h  a s  a l t e r a t i o n  
p r o d u c t s  and as f r a c t i r e  f i l l i n a s  i n  t h e  
upper  l O O O m  o f  t h e  c h l o r i d e  r e s e r v o i r .  I t  
is i n t e r p r e t e d  t h a t  t h e  p r e c i p i t a t i o n  of 
t h e s e  m i n e r a l s  i n  f r a c t u r e s  i s  a r e s u l t  o f  
t h e  mixing o f  c o o l  s u l p h a t e ,  su lpha te-  
b i c a r b o n a t e  and b i c a r b o n a t e  f l u i d s  from t h e  
vadose zone,  w i t h  h o t  q u a r t z  s a t u r a t e d  
r e s e r v o i r  f l u i d .  T h i s  mixing h a s  produced 
a n h y d r i t e- q u a r t z ,  a n h y d r i t e- q u a r t z- c a l c i t e  
and q u a r t z - c a l c i t e  v e i n  assemblages.  Th i s  
f r a c t u r e  s e a l i n g  persists down to  a t  l e a s t  
-700m rs l ,  w e l l  i n t o  t h e  c h l o r i d e  r e s e r v o i r .  
I t  i s  p o s t u l a t e d  t h a t  t h e  c o o l  f l u i d s  have  
moved deep  i n t o  t h e  r e s e r v o i r  by re- opening 
o f  f r a c t u r e s  by f a u l t  d i sp lacements .  

Acid Mineralogy 

a i s t i n c t  z o n a t i o n  of ncici mineralocjy w i t h  d e p t h  is  
obse rved  th roughou t  t h e  Bac-Fan f i e l d .  Th i s  z o n a t i o n  
i s  shown i n  F i g .  4 and may b e  summarized a s  f o l l o w s :  

1) 

3) 

4) 

A l u n i t e  + Opal + K a o l i n i t e  between 400-600m 
rsl ( r a r e l y  w i t h  p y r o p h y l l i t e ) .  Th i s  zone 
h a s  been  d i s c u s s e d  i n  s e c t i o n  (i) and is 
i n t e r p r e t e d  t o  mark t h e  s i t e  of fo rmat ion  o f  
a c i d  s u l p h a t e  f l u i d s  due t o  t h e  n e c e s s i t y  
t o  o x i d i z e  H S i n  a n  e x c e s s  oxygen environment .  
(Schoen e t  a? 1974 ,  Frank 1 9 8 3 ) .  
f l u i d s  i n  e q u i l i b r i u m  w i t h  a l u n i t e  a t  
t e m p e r a t u r e s  below 100°C is r e p o r t e d  t o  be 
2.5-3 .0  (S lansky  1975, Frank 1983) - 

The pH of 

A l u n i t e  + K a o l i n i t e  2 J a r o s i t e  2 P y r o p h y l l i t e  
between 100 t o  250m rsl  is i n t e r p r e t e d  t o  
o r i g i n a t e  from t h e  downward movement o f  a c i d  
s u l p h a t e  f l u i d s  from t h e  above a l u n i t e  zone.  
J a r o s i t e  ( t h e  Fe- equ iva len t  o f  a l u n i t e )  is 
p robab ly  t h e  p roduc t  o f  acid. a l t e r a t i o n  of 
abundan't p y r i t e  obse rved  a t  t h e s e  d e p t h s .  

A l u n i t e  + F y r o p h y l l i t e  and/or  Diaspore 
(5 K a o l i n i t e )  between l O O m  arid -350m rs l .  

P y r o p h y l l i t e  and/or  Diaspore between - l C O i n  
and -1100m rs l .  

From pll-sil ica a c t i v i t ' y  diagrams i n v o l v i n g  t h e  phases  
a l u n i t e ,  d i a s p o r e  and p y r o p h y l l i t e  ( F i g .  5 1 ,  t h e  
t r a n s i t i o n  from a l u n i t e  t o  a1ur;ite + d i a s p o r e  + 
p y r o p h y l l i t e  t o  d i a s p o r e  + p y r o p h y l l i t e  w i t h  dep th  
i s  i n d i c a t i v e  of a chanqe from low p€l ( -2 .5 )  , low 
s i l i c a  a c t i v i t y  ( i  .e. l o w  t empera tu re )  c o n d i t i o n s ,  
t o  moderate  pH ( 3 . 5 - 4 . 0 ) ,  h igh  s i l i c a  a c t i v i t y  
( i  .e. h i y h  t empera tu re )  c o n d i t i o n s .  Th i s  approach 
i s  li i t c d  due t o  t h e  nccd t o  f i x  t h e  a c t i v i t i e s  
of SO4 - and K + ,  t o  omi t  t h e  role of Na 
format ion ,  and to  assume t h e  immobil i ty  of A l + '  ( t h e  
c o n t r o l s  of which i n  a c i d  environments  are  p o o r l y  
unclcrstood, 1 uogic p c r s  coinm) . Mevcr the lcss  i t  

Y + .  i n  a1 nitc  
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O i a s p o  r e  

A - Area of  fluid pr -c ip~ to l~n?  r3loiliie 
( USSR, NZ, J A r A N . l l S A  I 

B - Alunile and diospore ond /Or  
pyroDhyllile below reservoir water level 

C - Diaspore and/or  pyropnyllire al rfeplh 

: I 

\ I 
I l  i 

Aluni te 

log a SiO, 

Pyrophyllite 

F i g .  5 : Minera l  s t a b i l i t j j  d iagram f o r  a c i d  m i n e r a l  assemblqgas a t  ac-Man i n  t e r m s  of  pH and log a c t i v i t y  s i 0 2  
-3 a t  s a t u r a t e d  water vapour  p r e s s u r e .  

2.2. x 10 -' r e s p e c t i v e l y .  
Frank 1983) .  

A c t i v i t i e s  o= K+ so!- are f i x e d  a t  6 . 1  x 10 and 
(Modif ied from Anice to  1982 and Ruaya 1982; area "A"from S l a n s k y  1975 and 

dGes s u g g e s t  t h a t  t h e  above z o n a t i o n  of a c i d  minera l s  
a t  Bac-Man i s  c o n s i s t e n t  w i t h  t h e  downwards m i g r a t i o n  
and accompanying p r o g r e s s i v e  n e u t r a l i z a t i o n  and 
h e a t i n g  o f  a c i d i c  f l u i d s .  

T h i s  mEchanism may s t i l l  be c o n t i n u i n g  s i n c e  l o w  pH, 
low Cl , h igh  SO:- f e e d  zones  have been encoun te red  
i n  some of t h e  Bac-Nan w e l l s .  

F l u i d  I n c l u s i o n s  

Histograms o f  f l u i d  i n c l u s i o n  homogenizat ion 
t e m p e r a t u r e s  i n  a n h y d r i t e ,  from t h e  p r o d u c t i o n  w e l l ,  
Pal-13Dr a r e  compared t o  t h e  s table  downhole 
t e m p e r a t u r e  p r o f i l e  i n  F i g .  4 .  I f  a b o i l i n g  p o i n t  
fo r  d e p t h  cu rve  (b .p .c .1  w i t h  a w a t e r  l e v e l  a t  
a b o u t  250m r s l  ( a t  t h e  i n f l u x  of abundant  q u a r t z )  
is super- imposed on t h i s  d iag ram,  t h e  homogenizat ion 
temperatures l i e  between t h e  b .p. c .  t o  j u s t  below 
t h e  downhole t e m p e r a t u r e s .  I t  is  i n t e r p r e t e d  t h a t  
t h e  f r a c t u r e  f i l l i n g  minera logy  of a n h y d r i t e ,  
c a l c i t e  and q u a r t z  w a s  d e p o s i t e d  o v e r  a p e r i o d  o f  
c o o l i n g ,  from p r e v i o u s  b o i l i n g  p o i n t  c o n d i t i o n s  w i t h  
a h i g h e r  r e s e r v o i r  water l e v e l  t h z n  c u r r e n t l y  
o b s e r v e d ,  t o  t h e  p r e s e n t  formatiofi t e m p e r a t u r e s .  
The the rmal  s t ' a b i l i t y  r z n g e s  o f  I-Sm, I and E p ,  
at t h e  d e p t h s  t h e s e  m i n e r a l s  are f i r s t  encoun te red ,  
a r e  a l s o  i l l u s t r a t e d  i n  F i g .  4 .  The s t a b i l i t y  
r anges  of t h e s e  m i n e r a l s  are  a t  a h i g h e r  t empera tu re  
than  b o t h  t h e  c u r r e n t  downhole t e m p e r a t u r e s ,  and 
t h e  b . p . c .  a t  t h e  c u r r e n t  w a t e r  l e v e l  ( a s  
approx imated  by t h e  w e l l  water l e v e l ) .  T h i s  
i n d i c a t e s  t h a t  t h i s  r e l i c t  mineralocJy w a s  a l s o  
formed wnen r e s e r v o i r  c o n d i t i o n s  were a t  o r  n e a r  
b o i l i n g  w i t h  s i g n i f i c a n t l y  h i g h e r  water ].eve1 
than  a t  p r e s e n t .  The l i n e a r  downhole t empera tu re  
p r o f i l e  from n e a r  s u r f a c e  t o  approx imate ly  
- 6 0 0 m  r s l  i s  pos tu l . a t ed  t o  r e f l e c t  a c o n d u c t i v e  
p r o f i l e  s u g g e s t i n g  r e l a t i v e l y  impermeable c o u n t r y  
rock .  The t empera tu re  p r o f i l e  below -6OOm rsl 
is c o n v e c t i v e  i n  n a t u r e  i n d i c a t i n g  p e r m e a b i l i t y  
i n  t h e  fo rmat ion  ( ( : lo twort i iy  1982) . 

Primary f l u i d  i n c l u s i o n s  t h a t  homogenized c l o s e  t o  
t h e  l i n e a r  t e m p e r a t u r e  p r o f i l e  down t o  -600m rsl  
w e r e  a l l  s i n g l e  l i q u i d  p h a s e ;  however t h o s e  from 
d e p t h s  below -600m rsl c o n t a i n  vapour ,  l i q u i d .  and 
g a s ,  and homoqenized a t  t e m p e r a t u r e s  close t o  
t h e  c o n v e c t i v e  t e m p e r a t u r e  p r o f i l e .  Fur the rmore  
p r imary  i n c l u s i o n s  below - 6 0 0 m  rsl are g e n e r a l l y  
two-phase and g a s  r i c h  whereas  secondary  i n c l u s i o n s  
w e r e  obse rved  t o  c o n t a i n  a s i n g l e  l i q u i d  phase and 
a t  a s l i g h t l y  lower t e m p e r a t u r e  t h a n  t h e  p r imary  
i n c l u s i o n s .  

G a s  r i c h  two-phase f e e d  zones have been  obse rved  
t o  o r i g i n a t e  a t  s h a l l o w  l e v e l s  below t h e  p roduc t ion  
c a s i n g  s h o e  )-300 to  -600m rs l)  i n  many p r o d u c t i c n  
w e l l s  b u t  n o t  P a l  -13D. I t  is  i n t e r p r e t e d  t h a t  
t h e  gas r i c h  l iqu id- vapour  zone i s  capped by t h e  
a n h y d r i t e ,  q u a r t z  and ca lc i t e  which h a s  s e a l e d  
f r a c t u r e s  a t  d e p t h s  f rom t h e  c h l o r i d e  water l e v e l  
(150 t o  3 0 0 m  rsl) down t o  approxirr,ately -400 t o  

- 6 O O m  rsl. The l a c k  o f  a good c o r r e l a t i o n  between 
t h e  t h e r m a l l y  c o n d u c t i v e  i n t e r v a l  and t h e  d i s t r i b u t i o n  
of v e i n  f i l l i n g  m i n e r a l s  r e f l e c t s  t h e  d i f f i c u l t i e s  
o f  sampl ing  open f r a c t u r e s .  Below t h i s  "cap" 
e p i d o t e  and c h l o r i t e  are r e l a t i v e l y  abundant  and 
u n o l t n r e d  i n d i c a t i n g  t h e  p r e s e n c e  o f  a h o t  n e u t r a l  
c h l o r i d e  r e s e r v o i r  f l u i d .  The s i n g l e  p h a s e  
secondary i n c l u s i o n s  below -6OOm r s l  i n d i c a t e  
t h a t  t h e s e  f l u i d s  have mixed w i t h  t h e  two-phase , 
g a s  r i c h  f l u i d s .  

Hydro log ica l  Model 

Near b o i l i n g  p o i n t  w i t h  c?cpth c o n 2 i t i o n s  e x i s t e d  
i n  t h e  e p i t h e r m a l  r e g i o n  o f  t h e  Uac-Man f i e l d  
sometime i n  t h e  pas t ,  d e p o s i t i n g  t h e  t y p i c a l  
p rograde  m i n e r a l  z o n a t i o n  obse rved  i n  many P h i l i p p i n e  
geo the rmal  f i e l d s  (Leach e t  al. 1333). B o i l i n g  
r e s u l t e d  i n  t h e  r e l e a s e  o f  k1 S ,  CO., and s t eam 
which condensed, and t h e  H S and CG2 l o c a l l y  o x i d i z e d ,  2 
i n  t h e  vadose zone t o  form a c i d  s u l p h a t e  and n e u t r a l  
s u l p h a t e - b i c a r b o n ~ t e  f l u i d s .  Upon c o o l i n g  of  t h e  

2 
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geothermal  sys tem t h e  r e s e r v o i r  wdtcr l e v e l  
p r o g r e s s i v e l y  dropped and t h e  c o o l  -2cid s u l p h a t e  
and su lpha te -b ica rbona  te f l u i d s  nnved Cownwartl 
a long  f r a c t u r e s  i n t o  thcj deeg  - r e s c y - m i r .  
mixing of t h c s c  ccol SO4 -;IC0 € l u i d s  wi t51  ho t  
quartz s a t u r a t e d  r e s e r v o i r  f l l? ir!s  causeci t h c  
p r e c i p i t a t i o n  of quartz, a n h y d r i t e  and c d c i t e ,  
t!ius s e a l i n g  f r a c t u r e s .  T h i s  m i n e r a l  p r e c i p i t a t i o n  
h a s  formed a n  200m impermeable s e a l e d  c a p  on 
the  c u r r e n t  geo the rmal  system.  T h i s  c a p  has 
trnnneri l o c a l  tvo-Fhase gas r i c h  m n e s .  k n e w e d  
novernent a l o n q  f a u l t s  have re-opened f r a c t u r e s ,  
p e r m i t t i n g  d e e p e r  p e n e t r a t i o n  o f  t h e  vadose 
zone f l u i d s .  These f l u i d s  have been d e t e c t e d  
a t  p:rotliictj.on deptlis i n  several. Bac-l\4a.n w e l l s .  
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